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CHAPTER 3

STREET DRAINAGE

3.1 GENERAL

This chapter provides design guidelines for the drainage of streets utilizing curbs and

stormdrain inlets.

3.2 STREETS

Urban streets which utilize curb and gutter serve an important and necessary drainage

service, even though their primary function is for the movement of traffic. Traffic and

drainage uses are compatible up to a point, beyond which drainage is, and must be,

subservient to traffic needs.

Gutter flow in streets is necessary to transport runoff water to storm inlets and to major

drainage channels. Good planning of streets can substantially help in reducing the size

of, and sometimes eliminate the need for, a storm sewer system in newly urbanized

areas.

3.2.1 General

An overall approach to storm runoff management includes using the street system to

transport runoff management includes using the street system to transport runoff to

inlets and to transport runoff from storms that are greater than the storm sewer capacity.

According to the street classification and/or the surrounding land use, certain criteria

(set forth herein) are used to determine at what point the drainage facilities begin, with

such criteria based upon encroachment (maintenance of traffic lanes) and inundation

criteria for the design storm.

A. Definitions

The following street classification system is defined for use in this Manual. Governing

municipalities may have differing specific definitions and standards, however, and
specific street systems can be generalized as follows:

•
• Arterial Street System

This system of streets and highways should serve the major centers of activity of

a metropolitan area. Except for freeways, arterials have the highest traffic

volume corridors, the longest trip desires, and should carry a high proportion of

3. 1
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the total urban area travel on a minimum of mileage. The system should be •
integrated, both internally and between freeways and major rural connections.

The arterial system should carry a major portion of trips entering and leaving the
urban area, as well as the majority of movements through the central city. In
addition, sufficient intra- area travel, such as between central business districts
and outlying residential areas, between major inner city communities, or between
major suburban centers should be served by this class of facilities. Frequently,
the arterial system will carry important intra-urban as well as inter-city bus
routes. Finally, this system in urbanized areas should provide continuity for all
rural arterials which intercept the urban boundary. Arterials are typically located
on I mile intervals on section lines.

• Collector Street System
The collector street system differs from the arterial system in that collector
streets may penetrate neighborhoods, distributing trips from the arterials through
the area to the ultimate destination which may be on a local or collector' street;
Conversely, collector streets also collect traffic from local streets in the
neighborhood and channels it into the arterial system. In some cases, due to the
design of the overall street system, a minor amount of through traffic may be
carried on some collector streets. Collectors are typically located on the 1/2 mile
intervals between arterials on mid section lines. •

• Local Street System
The local street system comprises all facilities not on one of the higher systems.
It serves primarily to provide direct access to abutting land and access to the
higher order street systems. It offers the lowest level of mobility and usually
contains no bus routes. Service to through traffic movement usually is
deliberately discouraged.

Freeways and similar types of roadways are not addressed in this Manual, as they are

usually designed under the direction of the Arizona Department of Transportation.

3.2
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• B. Interaction of Streets and Drainage

•

•

3.2.2

The storm runoff which influences the traffic-carrying capacity of a street can be
classified as follows:

• Sheet flow across-the pavement as falling rain flows to the edge of the pavement,
• Runoff flowing adjacent to the curb,
• Stormwater ponded at low points,
• Flow across the traffic lane from external sources, cross street flow, (as

distinguished from water falling on the pavement surface)

Each of these types of storm water runoff must be controlled within acceptable limits so
that the streets' main function as a traffic carrier will not be unduly restricted. The
efficient removal of storm runoff from pavement surfaces has a positive effect on street
maintenance, and street maintenance procedures can, in turn, affect the efficiency of a
street as a runoff carrier.

Research has indicated that pavement deterioration is accelerated by the presence of
storm runoff. Deterioration is accelerated by the presence of storm runoff.
Deterioration is promoted when stormwater enters pavement cracks and the joints
between concrete and asphalt (such as at valley gutters), and when high flow velocities
peel pavement surfacing. When pavement overlays are undertaken, great care must be
exercised not to fill the gutter section which, in turn, reduces the stormwater transport
capabilities of the street.

Design Criteria - Streets and Gutters

A. Design Frequency
Storm drainage within a street system serves two primary objectives:

1. Remove nuisance flows from pavement during frequent return period
storms to maintain safe and efficient movement of traffic. This is
primarily for convenience.

2. Protect adjacent properties from damage caused by large, infrequent
storms.

The function of removing nuisance flows from pavement is based on providing
storm drain inlets at points where maximum depth or driving lane inundation
criteria are reached.

3. 3
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Storm sewer system design is based on the Design Storm. The design storm is the
storm associated with the governing return period for longitudinal street flow
from Table 3.1. In the upper reaches of a system the 10 year criteria will
govern. Farther downstream in the system, the storm sewer system design for
the 10 year storm may not meet the criteria stated for the 100 year storm. Storm
sewers will then need to be upsized to meet the 100 year criteria. Both return
periods need to be checked to determine which condition governs. The storm
condition governing design at any point is the design storm.

Table 3.1 - Design Storm Frequencies for Street Drainage (yrs)*

Longitudinal Street Flow

•

No curb overtopping. Maintain 1 dry 12 foot
driving lane in each direction for collector
and arterial streets.

Flow to be calculated assuming contained
between buildings with:

100 cfs maximum flow
10 fps maximum velocity

* - No new inverted crown streets.
** - 2 year for City of Phoenix.

B. Pavement Encroachment

10 year**

100 year

•

The following sections present specific design requirements for storm drainage on urban
type streets for the design storm. The methods employed to meet these requirements are
at the designer's option, as long as they are in compliance with the criteria in other parts
of this Manual.

Typical street sections used in Maricopa County are presented in Figure 3.1.
Determination of street carrying capacity for the design storm shall be based upon two
considerations:

November 7,1988

1. Pavement encroachment and depth for computed theoretical flow
conditions.
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• 2. An empirical reduction of the theoretical allowable rate of flow to
account for practical field conditions.

The storm sewer system should commence at the point where the maximum
encroachment and/or depth is reached, and should be designed on the basis of
the design storm. The final design must meet both the 10 year and 100 year
criteria set forth in Table 3.1.

The preceding criteria is established for new construction. Changes to an
existing system, or a retrofit situation may not be able to meet the 10 year
criteria, however, any changes to a system should meet the 100 year storm
criteria.

C. Theoretical Caoacity

When the allowable pavement encroachment has been determined, the theoretical gutter
carrying capacity shall be computed" using the modified Manning's formula for flow in a
shallow triangular channel, as shown on Figure 3.6 (Page 3.16).

•
Q = 0.56(z/n)sl/2 y8/3

Where:

z = The reciprocal of the pavement cross-slope.
n = Manning's roughness coefficient.
s = longitudinal street slope (ft./ft.).
y = depth of flow (ft.).

Typical gutter configurations from MAG are shown on Figure 3.2.

(3.1 )

•

Figure 3.6, Nomograph for Flow in Triangular Gutters, may be utilized for all gutter
configurations. To simplify computations, graphs for particular street shapes may be
plotted.

An n value of 0.016 shall be utilized for street flow unless special considerations exist.

D. Reduction Factors

The gutter capacity from Figure 3.6 is based on the theoretical capacity of a clean,
unobstructed, continuous gutter section. In reality, parked car tires in the gutter and
debris cause obstructions to flow. Driveways, alleys, and curb cuts cause discontinuities

in the flow. When water flowing in a gutter encounters an obstruction or discontinuity,
it is deflected out of the gutter into the street section. If the velocity is high enough,

3.5
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• the flow diverted out of the g':!-~ter w~ll flow across the street crown to the gutter on the
opposite side. If an inlet is located just downstream of the obstruction the water will
flow past the inlet without being intercepted. Gutter capacity reduction factors are
established to limit velocities and reduce the lane encroachment caused by water
deflected into the street and to allow adequate capacity for unanticipated inlet bypass
flows caused by obstructions.

The actual flow rate allowable per gutter shall be calculated by multiplying the
theoretical capacity by the corresponding factor obtained from Figure 3.7 (following
Page 3.14). Discharge curves can be developed for standard streets by plotting the
solution of the following equation (Qcap vs. S) for a range of longitudinal slopes with
the applicable gutter capacity reduction factor from Figure 3.7 applied to the theoretical
discharge computed for each slope.

•

Qcap = Fs x [(0.56/n) Sx1.67 SO.5 T2.67]

Where:

Qcap = Allowable flow rate per gutter [cfs]
Fs = Gutter capacity reduction factor (Figure 3.7)
n = Manning's n (0.016)
Sx = Street cross slope [ft/ft]
S = Longitudinal street slope [ft/ft]
T = Allowable spread for 10 year storm [ft]

E. Transition at Ending of Curb and Gutter

(3.2)

•

3.2.3

When curb and gutter sections end. care must be taken to transition the gutter flow into
the receiving ditch or channel to prevent scour. When flow encounters a widening in
channel cross-section, it spreads at approximately a four to one ratio (longitudinal to
transverse). A concrete or rock rip-rap apron should be provided to protect the
receiving channel or ditch and spread the flow until the velocity is below the maximum

allowable velocity for the channel material from Table 3.2 and 3.3.

Design Criteria - Intersections

Figure 3.3 illustrates the principles that will be used for variations in grade when local
streets intersect. When local streets intersect arterial or collector streets, the grades of
the arterial or collector street should be continued uninterrupted. Figure 3.4 illustrates
the typical street cross-sections necessary for such an intersection. For the figure, it is

assumed that the arterial or collector street grade is 3 percent, the maximum allowable
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•

•

•

crown slope is 3 percent, the mInimUm allowable crown slope is I percent, and the
crown must be maintained within the one-quarter points of the street.

When collector and arterial streets intersect, the grade of the more major street should be
maintained insofar as possible. It is recommended that no form of valley gutter be
constructed across an arterial street for drainage purposes.

Conventional valley gutters may be utilized to transport runoff across local streets when
a storm sewer system is not required and when approved by the governmental agency.

The valley gutter size and slope should be sufficient to transport the runoff across the
intersection with encroachment equivalent to that allowed on the street. Infrequently,
with agency approval, valley gutters may be considered on collector streets.

A. Theoretical Capacity

The theoretical carrying capacity of each gutter approaching an intersection shall be
calculated based upon the effective slope, as covered in this section.

Continuous Grade Across Intersection
When the gutter slope will be continued across an intersection, as when valley gutters are
utilized, the slope used for calculating capacity shall be that of the gutter flow line
crossing the street.

Flow Direction Change at Intersection
When the gutter flow must undergo a direction change at the intersection greater than
45°, the slope used for calculating capacity shall be the effective gutter slope, defined as
the average of the gutter slopes at 0 feet, and 50 feet upstream from the point of

direction change.

Flow Interception bv Inlet
When gutter flow will be intercepted by an inlet on continuous grade at the intersection,
the effective gutter slope shall be utilized for calculations. Under this condition, the
points for averaging shall be 0 feet, 25 "feet, and 50 feet upstream from the inlet.

B. Allowable Capacitv

The allowable carrying capacity for gutters approaching an intersection shall be
calculated by applying the reduction factor from Figure 3.7 to the theoretical capacity.
The grade used to determine the reduction factor shall be the same effective grade used
to calculate the theoretical capacity.

3. 7
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Special Considerations for Business Areas and Heavily-Used Pedestrian Areas (*Note: •
Mesa doesn't think this section should be included. Should it?*) In highly concentrated
business areas, where large volumes of pedestrian traffic are likely, the us~ of walk over
curbs at intersections should be considered. If utilized, it would appear necessary that
no flow be allowed to continue around the corner and, therefore, inlets would be
required at nearly every corner. For the storm frequency being contemplated, the effect
water may have on pedestrian walking area should be compatible with that on streets.
Based upon vehicular traffic use, in a business area, all streets would probably be
classified as collector or arterial, which requires a minimum of one water free travel lane
each direction. The walk over curbs should be available for limited pedestrian use.
Where concentration of pedestrians occurs, depth and area limitations may need
modifications. As an example, streets adjacent to schools, are arterials from a pedestrian
standpoint, and should be designed accordingly. The sociological aspects of designing
for the pedestrian are at least as important as designing for vehicular traffic.

Where business buildings are constructed to property lines, the reduced clearance
between buildings. and heavy traffic must be considered. Splash from vehicles striking
gutter flow may damage store fronts and make walking on sidewalks impossible.
Ponding water and gutter flow exceeding 2 feet in width are difficult to negotiate by
pedestrians.

Although not a necessity in many business areas, highly concentrated business areas
should be designed to use reduced allowable pavement encroachment area and inundated
areas, raised walk over curbs at intersections, or additional inlets to intercept flow
before it reaches intersections. Generally, these areas should be storm sewered even if
other criteria do not so indicate.

3.2.4 Design Criteria for Roadside Ditches

A. General
Roadside ditches are commonly used with uncurbed roadway sections to convey runoff
from the highway pavement and from areas which drain toward the highway. Due to
right-of-way limitations, roadside ditches cannot be used on most urban arterials. They
can be used in cut sections, depressed sections, and other locations where sufficient
right-of-way is available and driveways or intersections are infrequent.

Curbed highway sections are relatively inefficient at conveying water, and the area
tributary to the gutter section should be kept to a minimum to reduce the hazard from
water on the pavement. Where practicable, the flow from major areas draining toward
curbed highway pavements should be intercepted by ditches as appropriate. Open
channels not designed as roadside ditches should be designed using the criteria and
procedures described in Chapter 5 "Open Channels."

3. 8
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'. B. , Permissible Use

•

•

Roadside ditches adjacent to public streets are discouraged in urban areas and require
approval from the governing municipality. When they are allowed the following criteria
shall be adhered to.

C. Street Capacity. Design Storm

Where curbs exist and roadside ditches are used in lieu of storm drains, inlets or
scuppers should be provided as needed to drain the pavement into the drainage ditch
while meeting the criteria set forth in Table 3.1.

Where no curbs exist, depth of flow in roadside ditches for the design storm shall be

limited to preclude saturation of the adjacent roadway subgrade.

D. Geometry

Geometric considerations in design of channel cross-sections should incorporate
hydraulic requirements for the design discharge, safety, minimization of right-of-way
acquisition, economy in construction and maintenance, and good appearance.

Channel side slopes should be as mild as practical. Slopes should be no steeper than 4: 1
where terrain and right-of-way permits. The advantages of mild slopes are that the
potential for erosion and slides is lessened, maintenance is eased, and the safety of errant
vehicles is enhanced.

A parabolic channel most nearly meets the requirements for safety in roadside channels.
The natural processes of erosion and siltation will usually shape an unlined trapezoidal
channel to an approximate parabolic shape. Trapezoidal channel bottoms should be a
minimum of 4 feet wide for maintenance purposes. Vee shaped channels may also be
utilized when approved by the governing municipality. Depths should be limited to 2
feet for purposes of this section. For design flow depths greater than 2 feet, design
procedures from Chapter 5 "Open Channels" should be used.

Local soil conditions, flow depths, and velocities within the channel are usually the
primary hydraulic considerations in channel geometric design; however, terrain and
safety considerations have considerable influence. Steeper side slopes of rigid lined
channels may be more economical and will improve the hydraulic flow characteristics.
The use of steeper slopes is normally limited to areas with limited right-of-way where
the hazard to traffic can be minimized through the use of guardrails or parapets.

3.9
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E. Flow Characteristics •Design velocities for all linings should not fall below 2 fps to minimize sediment

depositional problems. The maximum allowable velocity shall be determined from
Tables 3.2 and 3.3. The allowable capacity for the drainage ditch should be calculated

using Manning's formula with an appropriate n value. Manning's n values for typical
channel materials are presented in Table S.2. If the natural channel slope would cause

excessive velocity, drop structures, checks, riprap, or other suitable channel protection
shall be employed.

TABLE 3.2

PERMISSIBLE VELOCITIES FOR ROADSIDE DRAINAGE CHANNELS
Channels with Erodible Linings

Soils Type of Lining
(Earth. No Vegetation) Permissible Velocity (fps)

November 7, 1988

Find Sand (noncolloidal)

Sandy Loam (noncolloidal)
Silt Loam (noncolloidal)

Ordinary Firm Loam
Fine Gravel

Stiff Clay (very colloidal)

Graded, Loam to Cobbles (noncolloidal)

Graded, Silt to Cobbles (noncolloidal)

Alluvial Silts (noncolloidal)

Alluvial Silts (colloidal)

Coarse Gravel (noncolloidal)

Cobbles and Shingles
Shales and Hard Pans

3. 10

2.5
2.5
3.0
3.5
5.0
5.0
5.0
5.5
3.5
5.0
6.0
5.5
6.0
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•
TABLE 3.3

ROADSIDE CHANNELS LINED WITH UNIFORM STAND OF VARIOUS
GRASS COVER AND WELL MAINTAINED1,2

Permissible Velocity (fos)*

Slope Erosion Easily
Range Resistant Eroded

Cover (Percent) SQili. Soils

Bermuda Grass 0-5 8.0 6.0
5-10 7.0 5.0

Over 10 6.0 4.0

Buffalo Grass 0-5 7.0 5.0
Kentucky Bluegrass 5-10 6.0 4.0
Smooth Brome Over 10· 5.0 3.0
Blue Grama

• Grass Mixture 0-53 5.0 4.0
5-103 4.0 3.0

Lespedeza Sericea
Weeping Lovegrass
Yellow Bluestem

0-54Kudzu 3.5 2.5
Alfalfa
Crabgrass

Common Lespedeza5 0-54 3.5 2.5

Sundangrass5

•
1 From Handbook of Channel Design for Soil and Water Conservation.

2 Use velocities over 5 f.p.s. only where good covers and proper maintenance can be obtained.

3 Do not use on slopes steeper than 10 percent.

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

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

3. 11
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F. Embankment Protection •
Erosion protection linings for roadside channels are divided into three main categories:
flexible, rigid, and vegetative. Depth of flow and velocity are two primary
considerations for determining the appropriate type of erosion protection liner. Specific
liner types and their design criteria and procedures are presented in Section 5.4 "Bank
Protection."

G. Maintenance/Low Flows

Maintenance considerations are an important factor in roadside ditch design. Grass lined
channels require irrigation and mowing. Earth lined channels need to be kept clear of
vegetation and debris. Concrete lined channels require periodic maintenance and
perhaps sediment removal after intense storms. The required level of maintenance
should be considered and assurance of the proper level of maintenance should be
obtained for all designs.

The majority of storm events contributing runoff to roadside ditches will be less than
the design storm, resulting in frequent low flow conditions. Low flows in earth or grass
lined trapezoidal channels will deposit sediment and develop their own pilot channel
which will be meandering and could direct low flows into the channel banks causing •
bank erosion. Design of low flow channels will prevent meandering and will direct low
flows in a manner controlled by the designer.

Rounding the channel bottom to approximate a parabolic shape will cause the centerline
of the channel to act as a low flow channel. Alternatively, the channel bottom could be
graded into a shallow vee shape to lower the centerline.

H. Rural Crown Ditch

In mountainous terrain where large cuts are required, crown ditches constructed on top
of the cut embankment will intercept runoff preventing it from eroding the face of the
cut slope. A typical crown ditch is shown on Figure 3.5.

3.2.5 Design Procedures

Gutter capacity for design is based on the theoretical gutter capacity reduced by an
appropriate factor to account for obstructions to flow and discontinuities such as
driveways or alley entrances. Design aids are contained in Section 3.2.6 to facilitate
computation of the design gutter capacity.

•
3. 12
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Figure 3.6 is a nomograph to determine the theoretical gutter capacity based on the
modified manning's equation for triangular channel sections. To use the nomograph,
locate the appropriate point on the turning line for the street section by connecting the
z/n ratio with the gutter longitudinal slope. To find the discharge, connect the point on
the turning line with the depth of flow associated with the allowable pavement spread.
This line crosses the discharge scale at the theoretical gutter capacity. The spread can be
found in a similar manner if the discharge is known.

The design gutter capacity is found by multiplying the theoretical gutter capacity by the
gutter capacity reduction factor from Figure 3.7 for the longitudinal street slope.

Storm sewer inlets shall be placed to keep the gutter flow at or below the design gutter
capacity for the design storm.

3. 13
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3.2.6 Design Aids

November 7, 1988

3. 14



•

•

•

~.

.01

.02

.04

03

.05

.08

.07

06

.30

.10

50

.20

2.0

.80

.70

60

1.0

.c02

004

02

---

.001

.003

01

008

007

.006

03

10

.04

.005

.08

07

.~

05
100
70
50
30
20
:rrr--

7
5

INSTRUCTIONS

EXAMP!.£ 1_ daa/lecl ~... )

GIVEN 5' 0.03

l: 24] lin' 1200
n' .02
::t: 0.22

FIND' 0' 2.0eta

----- ~
-~

.----------_.---

'" Z~ I
~.;~
,y~'.

EQUATION: Oa O.~(~) 5~ ~
n iI rQU9ll.... _fficient in _nin9

tor".,IO """0" 10 IIIGter. II
Mttelnl of e"o,.,.I.
I. r.e.,ocol ~ c:r.- aklpe

AEFEROlCE:H.R.8. Proceed.. ~
,.,.,. 1!lO, ~uation (4)

~t '3Jc
FIGURE~

NOMOGRAPH FOR TRIANGULAR GUTTERS

3. To ___

dIac.....Q. O. In
_lion rtf c1tonn.'
I\cIwInI; wlClttl X,

"""M .-.tI, ~ fllr total dlKllor9a in
.ntlr. aectiOft a. '"*'... IalICl9"lIl/l to
claW"'i.,. 0b II _t,on b for deptll

7" ::t-(!)

~ I e-t lin rotlo wrftl alope (5)
~

ond e-t d.c.....~ (01 w,tIt
.-.", l~). T'- two 11.- _
.......ect at turllin9 line for
COl\'IIlIet. aOlUtiOlI. .01

T

2000

100
90
80
70
60
50

40

20

300

200

10

30

3000

1000
900
800
700
600

500

400

10000
9000
8000
7000
6000
5000

4000



~ fu.r\o~

\0.9

) /
Use ..f= .... e"f;. eet~ w~e .... e.
P~ ...;c. ....g.~ Qllo f,lJeJ
a./Ol"\ ~ Cu.. rhs.

0.8 "
I

\/

0.7
\

0.6 ~

\
0.5

[\

\
0.4 '\

'\

~
""'J0,3

""~
~

..........1.0,2

0.1

0 I

• GUTTER CAPACITY REDUCTION FACTORS
(' . ~

us,e ""~r s:\'i'e~\:J ',.J~eve. "

paY-~;""~1 is ~ Assuming 12 fl Allowable Spread
~ I/ow~d <:',.,OVl

[
o
~o
~

.~
o
~o
J
Q
W
[

• 0 0,01 0.02 0,03 0.04 0.05 0.06 0.07 0.08 0.00 0.1 0.11 0,12 0,13 0.14

LOI'GllUDINAL SLOPE



3.3 CATCH BASINS

Proper surface drainage of streets and highways is one of many requirements for the
safe movement of traffic and is normally accomplished by intercepting excess flows with
stormwater inlets. A stormwater inlet or catch basin is an opening into a storm sewer
system to permit entrance of surface storm runoff. Use of catch basins should be
delayed as long as possible because as soon as the runoff enters the pipe system, it is
carried rapidly downstream. The placing of catch basins is dictated by street
encroachment and flow depth criteria as shown on Table 3.1 (Page 3.4).

•

3.3.1 Catch Basin Types

There are four categories of catch basins:
• Curb Opening Catch Basins (Figure 3.8)
• Grated Catch Basins (Figure 3.9)
• Combination Catch Basins (Figure 3.10)
• Slotted Drains (Figure 3.11)

In addition, catch basins may be further classified as being on a continuous grade or in a
sump.

The continuous grade condition exists when the street grade is continuous past the catch
basin and the water can flow past. The sump condition exists whenever water is
restricted to the catch basin area because the catch basin is located at a low point. This
may be due to a change in grade of the street from positive to negative or due to the
crown slope of a cross street when the catch basin is located at an intersection.

A. Curb Opening Catch Basins

Curb opening catch basins are best utilized when a sump condition exists. Although a
curb opening catch basin will not guarantee against plugging, with respect to trash, it is
the most desirable type of catch basin.

A curb opening catch basin is a vertical opening in a curb through which the gutter
flow passes. For safety. reasons, the vertical opening in residential areas should not be
greater than 6 inches. The gutter may be undepressed or depressed in the area of the
curb opening. The capacity of the curb opening is significantly increased by depressing
the opening. Permissible curb opening catch basins are contained in the
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MAG Standard Details. All details and inlet types must be approved by the governing
municipality. A characteristic of the curb opening catch basin is its relative inefficiency
on streets of steep grade. The use of 5 foot long (or less) curb opening catch basins is,
therefore, not recommended on continuous grades; however, longer catch basins can be
quite efficient and should be considered for use on streets with slopes· up to 1.0 percent.

B. Grated Catch Basin

The term, grated or gutter catch basin, refers to an opening in the gutter covered by one
or more grates through which the water falls. As with other catch basins, grated catch
basins may be either depressed or undepressed and are more efficient than curb opening
catch basins when located on a continuous grade. Permissible grated catch basins are
contained in the MAG Standard Details. Other details must be approved by the

governing municipality.

The engineer should use grated catch basin designs which optimize hydraulic efficiency,
bicycle and pedestrian safety, structural adequacy, economy, and freedom from clogging.
(See Combination Catch Basin for recommendations.)

C. Combination Catch Basin

A combination catch basin is composed of a curb opening and a grated catch basin
acting as a unit. Usually the gutter opening is placed adjacent to the curb opening. As
with other catch basins, a combination catch basin may be either depressed or
undepressed and located in a sump or on a continuous grade.

For the widest range of conditions it is the most efficient type of stormwater catch basin
with regards to hydraulic interception capabilities and freedom from debris clogging.
Permissible combination catch basins are contained in the MAG Standard Details. Other
details must be approved by the governing municipality.

A multiole catch basin is two or more closely spaced catch basins acting as a hydraulic
unit.

D. Slotted Drain Catch Basins

The term, slotted drain, refers to a slot opening in the pavement which will intercept
sheet flow and convey the flow through a corrugated steel pipe. They are most effective
when street slopes are shallow.
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3.3.2 Catch Basin Applications

The following general recommendations are made for the utilization of different types of
stormwater catch basins.

Sump conditions
• True Sump. The use of depressed curb opening catch basins is recommended.

Each true sump should be reviewed to determine if the area affected by ponding
is within acceptable limits. The ponding caused by the 100 year flow should also
be checked to assure that the 100 year inundation criteria are met. True sumps
should be designed with care, considering the flow path that will be taken by
flows in excess of the design flow. In some cases a drainage easement may be
necessary to prevent damage to adjacent property during storms in excess of the
design storm or in case of total blockage of the inlet by debris. Placement of an
inlet should not make conditions worse than they were before. This is an
important consideration in retrofit situations.

•

• Sumps Formed bv Crown Slope of Cross-Street at Intersection. The 'Use of curb
opening catch basins is recommended, though combination catch basins may be
successfully utilized. Conditions need to be checked to prevent a small amount
of ponding from causing excessive lane encroachment or storm runoff flowing
over the crown of the cross street and continuing down the gutter. •

Continuous Grade Conditions
Unless otherwise approved, curb opening catch basins should be used on continuous
grades. Inlet spacing should be limited to a maximum of 660 feet for collection of
nuisance flows.

Shallow Overland Flow Condition

Slotted drains may be utilized as permitted by the governing municipality.

Large Inlet Inflows
In areas where large inflows are admitted into the storm sewer system, hazards may be
introduced to vehicular and pedestrian traffic due to large depths and velocities. Special
consideration should be given to design of large inlet facilities. When possible, large
inlet facilities should be located off of the roadway and provided with trash racks and
fencing to improve safety.
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• 3.3.3 Allowable Catch Basin Capacities

The following reduction factors should be applied to the theoretical calculated capacity

of catch basins based upon their type and function. The reduction factors compensate
for effects which decrease the capacity of the catch basin such as debris plugging,

pavement overlaying, and in variations of design.

TABLE 3.4
REDUCTION FACTORS TO APPLY TO INLETS

Condition

Sump
Sump
Sump

Inlet Type

Curb Opening
Grated
Combination

% of Theoretical
Capacity Allowed

80
50
65

Apply factors
separately to

grate and curb
opening and comb.

•
Continuous Grade
Continuous Grade

Continuous Grade

Curb Opening 80
Longitudinal Bar Grate (LBG)
LBG with recessed
transverse bars 60

Combination

75

Shallow Overland Flow* Slotted Drains 80

•

* - Slotted drains are most effective for shallow overland flow conditions. With greater
depths and flows a different type of inlet should be used.

The allowable capacity of a catch basin should be determined by applying the applicable

factor from Table 3.4 to the theoretical capacity calculated in accordance with the
appropriate design charts.

The percentage of theoretical capacity allowed may be even lower when the catch basin

is likely to intercept large amounts of sediment or debris. For instance, the first catch
basin to a pipe network draining a high debris-yielding area may actually accept only 20

percent of the theoretical capacity allowed because of clogging. Sediment traps will not
be designed into the catch basin. A sediment trap formed by lowering the floor of the

catch basin below the elevation of the outlet pipe is unnecessary and undesirable since

there is too much turbulence for effective trapping at design flow rates, and cleaning is

costly. Catch basins should be self-scouring, even under low-flow conditions.
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3.3.4 Design Procedures

A. Curb Opening Catch Basins - On Grade

Standard curb opening basins can be selected using the capacity curves contained in
Section 3.3.5 showing the intercepted discharge for the design discharge and longitudinal
slope. The capacity curves have been developed for standard curb opening catch basin
details used in Maricopa County using procedures set forth in the Federal Highway
Administration Hydraulic Engineering Circular No. 12 "Drainage of Highway Pavements"
(H.E.C. 12). The procedures and equations set forth below are from H.E.C. 12 and are
to be used when designing curb opening catch basins for which curves are not included
in this manual. The approval of the governing municipality should be obtained before
designing a non-standard curb opening catch basin.

The length of curb opening catch basin required for total interception of gutter flow on
a pavement section with a straight cross slope is expressed by equation (3.3):

•

where:

=

=

(3.3 )

0.6
curb opening length required to intercept 100 percent of
the gutter flow

•
The efficiency of curb opening catch basins shorter than the length required for total
interception is expressed by equation (3.4):

where:

L = curb opening length, (ft)

(3.4)

Figure 3.25 is a nomograph for the solution of equation (3.3), and Figure 2 provides a
solution of equation (3.4).

The length of catch basin required for total interception by depressed curb opening
catch basins or curb-openings in depressed gutter sections can be found by the use of an
equivalent cross slope, Se, in equation (3.3).

(3.5)
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• where:

= cross slope of the gutter relative to the
cross slope of the pavement, Sx

where:

= (a/12W)

=
=

gutter depression. in (See Figure 3.25)
ratio of flow in the depressed section to
total gutter flow

•

•

The length of curb opening required for total interception can be significantly reduced
by increasing the cross slope or the equivalent cross slope. The equivalent cross slope
can be increased by use of a continuously depressed gutter section or a locally depressed
gutter section.

Using the equivalent cross slope. Se, equation (3.3) becomes:

(3.6)

The values of K in equation (3.6) are the same as in equation (3.3).

Figure 3.4 is applicable with either straight cross slopes or compound cross slopes.
Figures 3.25 and 3.26 are applicable to depressed curb opening catch basins using Se
rather than Sx.

Equation (3.5) uses the ratio, Eo, in the computation of the equivalent cross slope, Se.
Figure 3.27 can be used to determine spread and Figure 3.28 can then be used to
determine Eo.

Sumos

The capacity of a curb opening catch basin in a sump depends on water depth at the
curb, the curb opening length, and the height of the curb opening. The catch basin
operates as a weir to depths equal to the curb opening height and as an orifice at depths
greater than 1.4 times the opening height. At depths between 1.0 and 1.4 times the

opening height, flow is in a transition stage..
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The weir location for a depressed curb opening catch basin is at the edge of the gutter, •

and the effective weir length is dependent on the width of the depressed gutter and the
length of the curb opening. The weir location for a curb opening catch basin that is not
depressed is at the lip of the curb opening, and its length is equal to that of the catch
basin. Limited experiments and extrapolation of the results of tests on depressed catch
basins indicate that the weir coefficient for curb opening catch basins without depression
is approximately equal to that for a depressed curb opening inlet.

The equation for the interception capacity of a depressed curb opening catch basin
operating as a weir is:

where:

Qi = Cw (L + 1.8W)d1.5 (3.7)

Cw
L

W
d

=
=
=
=

2.3
length of curb opening, (ft)
lateral width of depression, (ft)

depth at curb measured from the normal cross slope, (ft),
Le., d = TSx •

The weir equation is applicable to depths at the curb approximately equal to the height
of the opening plus the depth of the depression. Thus, the limitation on the use of
equation (3.7) for a depressed curb opening catch basin is:

d ~ h + a/12 (d ~ h + a)

where:

h
a

=
=

height of curb opening catch basin, (ft)
depth of depression, (in)

Experiments have not been conducted for curb opening catch basins with a continuously
depressed gutter, but it is reasonable to expect that the effective weir length would be as
great as that for a catch basin in a local depression. Use of equation (3.7) will yield
conservative estimates of the interception capacity.

The weir equation for curb opening catch basins without depression (W = 0) becomes:

(3.8)
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• The depth limitation for operation as a weir becomes:

Curb opening catch basins operate as orifices at depths greater than approximately IAh.

The interception capacity can be computed by equation (3.9):

(3.9)

•

where:

Co Orifice coefficient

= 0.67
h = height of curb opening catch basin, (ft)

do = effective head on the center of the orifice

throat, (ft)

A = clear area of opening, (ft2)

d' = depth at lip of curb opening, (ft)1

Equation (3.9) is applicable to depressed and undepressed curb opening catch basins and

the depth at the catch basin includes any gutter depression.

Height of the orifice in equation (3.9) assumes a vertical orifice opening. As illustrated

in Figure 3.12, other orifice throat locations can change the effective depth on the

orifice and the dimension (di - h/2). A limited throat width could reduce the capacity

of the curb opening catch basin by causing the catch basin to go into orifice flow at

depths less than the height of the opening.

The orifice equation for curb opening catch basins with other than vertical faces (see

Figure 3.12) is:

(3.10)

where:

•
Co =

h =

do =

0.67 = Orifice coefficient
orifice throat width, (ft)

effective head on the center of the orifice

throat, (ft)
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•

•

Figure 3.29 provides solutions for equations (3.7) and (3.9) for depressed curb opening
catch basins, and Figure 3.30 provides solutions for equations (3.8) and (3.9) for curb
opening catch basins without depression. Figure 3.31 is provided for use for curb
openings with inclined or vertical orifice throats.

B. Grated Catch Basins - On Grade

Standard grated catch basins can be selected using the capacity curves contained in
Section 3.3.5 showing the intercepted discharge for the design discharge and longitudinal

slope". The capacity curves have been developed for standard grated catch basin details
used in Maricopa County using procedures set forth in the Federal Highway

Administration Hydraulic Engineering Circular No. 12 "Drainage of Highway Pavements"
(H.E.C. 12). The procedures and equations set forth below are from H.E.C. 12 and are

to be used when designing grated catch basins for which curves are not included in this
manual. The approval of the governing municipality should be obtained before

designing a non-standard grated catch basin.

Grated catch basins intercept all of the frontal flow until a velocity is reached at which
water begins to splash over the grate. At velocities greater than "splash-over" velocity,
grate efficiency in intercepting frontal flow is diminished. Grates also intercept a
portion of the flow along the length of the grate, or the side flow, dependent on the
cross slope of the pavement, the length of the grate, and flow velocity.

The ratio of frontal flow to total gutter flow, Eo, for a straight cross slope is expressed
by equation (3.11):

where:

Eo = Qw/Q = 1 - (l - WIT)2.67 (3.11)

The ratio of side flow, Qs. to total gutter flow is:

Figure 3.28 provides a graphical solution of Eo for either straight cross slopes or

depressed gutter sections.•

Q

Qw
W
T

=

=
=

=

total gutter flow
flow in width W, (ft3Is)
width of depressed gutter or grate, (ft)
total spread of water in the gutter, (ft)
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OslO = 1 - Qw/Q = 1 - Eo (3.12) •
The ratio of frontal flow intercepted to total frontal flow, Rf' is expressed by equation
(3.13)

where:

=

=

Rf = 1 - 0.09 (V - V0)

velocity of flow in the gutter, (£1/s)
gutter velocity where splash-over first occurs

(3.13)

This ratio is equivalent to frontal flow interception efficiency. Figure 3.32 provides a
solution of equation (3.13) which takes into account grate length, bar configuration and
gutter velocity at which splash-over occurs. The gutter velocity needed to use Figure
3.32 is total gutter flow divided by the area of flow.

The ratio of side flow intercepted to total side flow, Rs' or side flow interception
efficiency, is expressed by equation (3.14):

(3.14)

where:
•

L = length of the grate, (ft)

Figure 3.33 provides a solution of equation (3.14).

A deficiency in developing empirical equations and charts from experimental data is
evident in Figure 3.33. The fact that a grate will intercept all or almost all of the side

flow where the velocity is low and the spread only slightly exceeds the grate width is
not reflected in the Figure. Error due to this deficiency is very small. In fact, where

velocities are high, side flow interception can be neglected entirely without significant
error.

The efficiency, E, of a grate is expressed as equation (3.15):

(3.15)

The first term on the right side of equation (3.15) is the ratio of intercepted frontal flow
to total gutter flow, and the second term is the ratio of intercepted side flow to total
side flow. The second term is insignificant with high velocities and short grates.
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• The interception capacity of a grate catch basin on grade is equal to the efficiency of
the grate multiplied by the total gutter flo.w:

(3.16)

•

Sumos

The efficiency of catch basins in passing debris is critical in sump locations because all
runoff which enters the sump must be passed through the catch basin. Total or partial
clogging of catch basins in these locations can result in hazardous ponded conditions.

Grate catch basins alone are not recommended for use in sag locations because of the
tendencies of grates to become clogged. Combination catch basins or curb-opening catch

basins are recommended for use in these locations.

A grate catch basin in a sump location operates as a weir to depths dependent on the bar
configuration and size of the grate and as an orifice at greater depths. Grates of larger

dimension and grates with more open area, i.e., with less space occupied by lateral and
longitudinal bars, will operate as weirs to greater depths than smaller grates or grates

with less open area.

The capacity of grate catch basins operating as weirs is:

where:

P =

=

Qi = CwPdl .5

perimeter of the grate in (ft)

disregarding bars and the side ~gainst the

curb

3.0

(3.17)

The capacity of a grate catch basin operating as an orifice is:

(3.18 )

where:

• Co =
=

A =
g =

Orifice coefficient
0.67

clear opening area of the grat~, (ft2)

32.16 (ft/s2)
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•Use of equation (3.18) requires the clear area of opening of the grate. Tests of three
grates for the Federal Highway Administration showed that for flat bar grates, such as P
- 1- 7/8 - 4 and P - 1- 1/8 grates, the clear opening is equal to the total area of the grate
less the area occupied by longitudinal and lateral bars.

Figure 3.34 is a plot of equations (3.17) and (3.18) for various grate sizes. The effects
of grate size on the depth at which a grate operates as an orifice is apparent from the
chart. Transition from weir to orifice flow results in interception capacity less than that
computed by either the weir or the orifice equation. This capacity can be approximated
by drawing in a curve between the lines representing the perimeter and net area of the
grate to be used.

C. Combination Catch Basins - On Grade

Standard combination catch basins can be selected using the capacity curves contained in
Section 3.3.5 showing the intercepted discharge for the design discharge and longitudinal
slope. The capacity curves have been developed for standard combination catch basin
details used in Maricopa County using procedures set forth in the Federal Highway
Administration Hydraulic Engineering Circular No. 12 "Drainage of Highway Pavements" •
(H.E.C. 12). The procedures and equations set forth below are from H.E.C. 12 and are
to be used when designing combination catch basins for which curves are not included
in this manual. The approval of the governing municipality should be obtained before
designing a non-standard combination catch basin.

The interception capacity of a combination catch basin consisting of a curb opening and
grate placed side-by-side is not appreciably greater than that of the grate alone.
Capacity is computed by neglecting the curb opening. A combination catch basin is
sometimes used with the curb opening or a part of the curb opening placed upstream of
the grate. The curb opening in such an installation intercepts debris which might
otherwise clog the grate and has been termed a "sweeper" by some. A combination catch
basin with a curb opening extending upstream of the grate has an interception capacity
equal to the sum of the grated catch basin and the portion of the curb opening inlet
upstream of the grate. The frontal flow and thus the interception capacity of the grate
is reduced by the flow intercepted by the curb opening.

•
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•
Combination catch basins consIstmg of a grate and a curb opening are considered
advisable for use in sumps where hazardous ponding can occur. The interception
capacity of the combination catch basin is essentially equal to that of a grate alone in
weir flow unless the grate opening becomes clogged. In orifice flow, the capacity is
equal to the capacity of the grate plus the capacity of the curb opening.

Equation (3.17) or Figure 3.34 can be used for weir flow in combination catch basins in

sag locations. Assuming complete clogging of the grate, equations (3.7), (3.8), and (3.9),
or Figures 3.29, 3.30 and 3.31 for curb-opening catch basins are applicable.

Where depth at the curb is such that orifice flow occurs, the interception capacity of the
catch basin is computed by adding equations (3.18) and (3.10):

•
where:

Ag
g

d

h

L

do

=

=

=

=
=
=

Qi = 0.67Ag(2gd)0.5 + 0.67hL(2gdo)0.5

clear area of the grate, (ft2)
32.16 (ft/s/s)
depth at the curb, (ft)
height of curb opening orifice, ft (m)
length of curb opening, (ft)
effective depth at the center of the curb
opening orifice, (ft)

(3.19)

•

Trial and error solutions are necessary for depth at the curb for a given flow rate using
Figures 3.34, 3.29 and 3.30 for orifice flow.

D. Slotted Catch Basins - On Grade

Wide experience with the debris handling capabilities of slotted catch basins is not
available. Deposition in the pipe is the problem most commonly encountered, and the
catch basin is accessible for cleaning with a high pressure water jet.

Slotted catch basins are effective pavement drainage catch basins which have a variety
of applications. They can be used on curbed or uncurbed sections and offer little
interference to traffic operations.

Flow interception by slotted catch basins and curb opening catch basins is sim ilar in that

each is a side weir and the· flow is subjected to lateral acceleration due to the cross slope
of the pavement. Analysis of data from the Federal Highway Administration tests of
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slotted catch basins with slot widths:: 1.75-in. indicates that the length of slotted catch •

basin required for total interception can be computed by equation (3.3). Figure 3.25 is
therefore applicable for both curb opening catch basins and slotted catch basins.
Similarly, equation (3.4) is also applicable to slotted catch basins and Figure 3.26 can be
used to obtain the catch basin efficiency for the selected length of catch basin.

Use of Figures 3.25 and 3.26 for slotted catch basins is identical to their use for curb
opening catch basins. It should be noted, however, that it is much less expensive to add
length to a slotted catch basin to increase interception capacity than it is to add length to
a curb opening catch basin.

Slotted catch basins in sump locations perform as weirs to depths of about 0.2 ft,
dependent on slot width and length. At depths greater than about 0.4 ft, they perform
as orifices. Between these depths, flow is in a transition stage. The interception
capacity of a slotted catch basin operating as an orifice can be computed by equation
(3.20):

where:

Qi = 0.8LW(2gd)0.5 (3.20) •
W
L

d
d
g

=
=

=

=

width of slot, (ft)
length of slot, (ft)
depth of water at slot, (ft)
0.4 (ft)

32.16 (ft/s/s)

For a slot width of 1.75 in., equation (3.20) becomes:

Qi = 0.94Ld°.5 (3.21 )

The interception capacity of slotted catch basins at depths between 0.2 ft. and 0.4 ft.

can be computed by use of the orifice equation. The orifice coefficient varies with
depth, slot width, and the length of the slotted catch basin.

Figure 3.35 provides solutions for weir flow, equation (3.21), and a plot representing
data at depths between weir and orifice flow.
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• 3.3.5 Design Aids

•

•
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• CURB OPENING INLET CAPACITY CURVES
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CURB OPENING INLET CAPACITY CURVES •
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• CURB OPENING, INLET CAPACITY CURVES
MAG DErAIL 532 81 CURB OPENING INLEr
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CURB OPENING INLET CAPACITY CURVES •
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• COMBINATION INLET CAPACITY CURVES
MA,G DEf.AJL 533-1 3' COMBINATION INLEf
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•
4.2 STORM SEWERS

4.2.1 GENERAL

A. Definitions

The following classification of drains in terms of contributing drainage area is utilized in
this manual:

The term storm sewer system, as utilized in this Manual, refers to the system of inlets,
conduits, manholes, and other appurtenances which are designed to collect and convey
storm runoff from the design storm to a point of discharge into a major or regional
drain outfall.

•

•

•

•

Minor drains serve watershed areas up to 160 acres and are normally the drains
associated with subdivision development.

,
Major drains include natural and man-made channels and conduits that serve
watershed areas from 160 acres to about 10 square miles.

Regional drains are the main outfalls for drainage. They serve watershed areas
generi111y greater than 10 square miles, and include rivers and washes.

•

Storm sewer system design is based on the Design Storm. The design storm is the storm
associated with the governing return period from Table 3.1. In the upper reaches of a
system the 10 year criteria will govern. Farther downstream in the system, the storm
sewer system design for the 10 year storm may not meet the criteria stated for the 100
year storm. Storm sewers will then need to be upsized to meet the 100 year criteria.
Both return periods need to be checked to determine which condition governs. The
storm condition governing design at any point is the design storm.

B. Interaction of the Storm Sewer Svstem With Other Systems

Storm sewers will generally serve minor drains and the smaller major drains. Storm
sewers typically are not economical for large flows generated within the larger major
drains and within regional drains. Therefore, the storm sewer system will collect runoff
to a point where storm sewers become too large to be economical and will then discharge
into a major or regional drain outfall consisting of a man-made channel, natural wash or
river.

4. I
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4.2.2 Hydrology

(*NOTE: This section will be added when the Hydrology manual is complete.*)

4.2.3 Storm Sewer Criteria

A. Maximum Velocity

Storm sewer velocities should be kept within safe limits. Consideration should be given
to possible pipe damage, the flow energy and how the system hydraulics will be
affected. Large momentum forces are generated when high velocity flow is directed
around bends and transitions. The conditions at the storm sewer outlet should also be
considered.

B. Minimum Velocity

•

Since conduits generally are designed on the basis of their capacity when flowing full, or
nearly full, the provision of a velocity adequate for self-cleansing under these conditions
does not necessarily ensure prevention of deposits at all conditions of flow. Research
shows that full flow in a pipe with a Darcy-Weisbach friction factor of 0.025, at 2fps,
will barely move a coarse sand particle with a diameter of 1.8 mm. As the friction •
factor increases, the scouring velocity decreases. Since the friction factor increased with
decreasing depth of flow in a pipe, equal self-cleansing will occur in partially full pipes
at somewhat less than the critical velocity when flowing full. Equal cleansing ability is
computed based on the critical tractive force required to move a particle through the
pipe. Based on these principles, a curve of the velocity required for equal cleansing
ability at all depths of flow has been added to Figure 4.6 (following page 4.12), graph of
hydraulic elements. A minimum cleansing velocity of 5 fps should be maintained when
possible, however an absolute minimum of 2 fps should be maintained under design flow
conditions. It may not be possible to have adequate scouring velocities at minimum
flows since that flow approaches zero. Nonetheless, the storm sewer should be self-
cleansing during moderate storms when it flows at one half of the 10 year storm
discharge.

C. Hvdraulic/Energy Grade Line

Often a closed conduit designed for open channel flow operates as a pressure conduit.
This may result when storm runoff exceeds that used for design purposes or simply
because junction losses were ignored in the design. In storm drain systems, it is found
that junctions in closed conduits can cause major losses in the energy grade line across
the junction. If these losses are not included in the hydraulic design, the capacity of the •

conduit may not be as large as that required for the design flow.

4.2
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•

Even though a conduit may be designed to carry stormwater as open-channel flow,

losses at bends and junctions will frequently cause pressure flow to occur for some
distance upstream of the "loss" area. Situations may occur in steep terrain where the

flow often interchanges between open channel and pressure flows. Because it is not
economical to size conduits to avoid pressure flow under all storm runoff and flow

conditions, it follows that it is reasonable and even necessary to design the conduits as

flowing full. Planned management of stormwater runoff is also easier to achieve if the

hydraulic grade line is kept higher than the crown of the conduit. The discharge

through a circular pipe flowing full is constant for a given pipe diameter and hydraulic

gradient. Once the flowing full discharge is reached in the pipe, no further runoff can
be admitted to the pipe network. This procedure also allows for minimizing the capital
expenditure required for a specified level of protection.

This phenomenon in the field would be evidenced by runoff passing directly over the

catch basin to flow down the street (or overland) until it enters the system elsewhere.

Another indication is water standing in sumps (detention ponding) until there is
sufficient capacity in the storm sewer to admit the ponded water. The designer should

size the pipes so that the hydraulic grade line is at or very near 6 inches below the inlet
elevation. In so doing, he has provided an "automatic safety valve" that will prevent

additional rUQ.off from entering the pipe network and causing unforeseen problems at
other locations in the system.

Although not always feasible, the recommended procedure is to design storm sewers to

flow under pressure. Whether or not the final design is made with the pipe flowing
partially or completely full, the hydraulic grade line should be computed and displayed

on a profile drawing of the conduit. When the hydraulic grade line rises above ground

level, stormwater can be found shooting out of catch basins or popping manhole covers,

which can lead to needless damage and inconvenience to pedestrian and vehicular traffic.

D. Materials

All storm sewer materials shall be approved by the governing municipality prior to use.
Table 4.1 lists friction factors for commonly used pipe materials.

E. Sizing

The general procedures for establishing quantities of flow and horizontal layout are the

same for closed conduits flowing either as open channels or as pressure conduits.

Because of the nature of hydraulic elements in circular conduits, it may be reasonably

assumed that open channel flow will occur only when the flow depth is less than 80

percent of the conduit diameter. Once criteria have been set, computations may be

made to size the conduits and the various appurtenances.

4.3

November 7, 1989



TABLE 3ffV".-Values of Effective Absolute Roughnes8 and Friction •t- ( Formula Coefficients

Effective Absolute
Conduit Ma.terial RoughQ.ess Manning Hazen·Williams

(Darcy-Weisbach) n (ttl) O·
k (ft)

Closed conduits
Asbestos-cement pipe 0.001-0.01 0.011-0.015 1<>0-140
Brick 0.005-0.02 0.013-0.017
Cast iron pipe

Uncoated (new) 0.00085
Asphalt dipped (new) 0.0004
Cement-lined & seal coated 0.001-0.01 0.011-0.015 1<>0-140

Concrete (monolithic)
Smooth forms 0.001-0.005 0.012-0.014
Rough fonns 0.005-0.02 0.015-0.017

Concrete pipe 0.001-0.01 0.011-0.015 1<>0-140
Corrugated-metal pipe

(lh-in. X 2%-in. corruga-
tions)

Plain 0.1 -0.2 0.022-0.026
Paved invert 0.03 -0.1 0.018-0.022
Spun asphalt lined 0.001-0.01 0.011-0.015 1<>0-140

Plastic pipe (smooth) 0.01 0.011-0.015 1<>0-140 •Vitrified clay
Pipes 0.001-0.01 0.011-0.015 1<>0-140
Liner plates 0.005-0.01 0.013-0.017

•



•

•

•

The designer should initially size the pipes to carry runoff from the 10 year storm.

Once this runoff has been admitted to the pipe network, the excess runoff can be
carried by surcharge in the street to a level of encroachment allowed by design criteria

for the 100 year storm. If this street encroachment criteria is exceeded for the lOa year
storm, then the pipe sizes should be increased to carry the extra runoff. The runoff will
flow as open-channel flow in the network during the 10 year storm.

F. Special Design Considerations

The following considerations are intended for use when junction losses are an important

design consideration. They are not intended to be design requirements.

Alignment of Pipe in Manholes. The following discussion applies to the location of
pipes within a manhole to achieve maximum efficiency.

For a straight through flow, pipes should be positioned vertically so that they are
between the limits of inverts aligned or crowns aligned. An offset in the plan is

allowable provided the projected area of the smaller pipe falls within that of the larger.
Aligning the inverts of the pipes is probably the most efficient as the manhole bottom

then supports the bottom of the jet issuing from the upstream pipe.

When two laterals intersect a manhole, the alignment should be quite different. If lateral
pipes are aligned opposite one another, so the jets may impinge upon each other, the
magnitude of the losses are extremely high. A design chart for directly opposed laterals
is included, although this arrangement should be avoided wherever possible.

If the installation of directly opposed laterals is necessary, the installation of a deflector

as shown in Figure 4-1 will result in significantly reduced losses. The research
conducted on this type deflector is limited to the ratios of Do/DI = 1.25. The tests
indicate that it would be conservative to assume the coefficient of pressure change at 1.6

for all flow ratios and pipe diameter ratios when no catch basin is considered, and 1.8
when catch basin flow is over 10% of Qo'

Lateral pipes should not be located directly opposite; rather, their centerlines should be
separated laterally by at least the sum of the two lateral pipe diameters. Reference to

the design figures show that head losses are definitely reduced as compared to directly
opposed laterals, even with deflectors. Insufficient data has been collected to determine
the effect of offsetting laterals vertically.

Shaping Inside of Manhole. The fact that jets issue from the upstream and lateral pipes

must be considered when attempting to shape the inside of manholes.
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DRAINAGE CRITERIA MANUAL STORM SEWERS

Directly opposed lateral with deflector

(head losse. are sti II excessive wi th
this method, but Ofe signl ficantly
less thm when no defleclct exists.)

Bend with straight deflector

84nd with curved deflector

Inline upstream meln a 90° lateral with
deflector

•

•

~\ •
FIGURE~ EFFICIENT MANHOLE SHAPING

The abQ\le methods of shaping the interior of a manhole were found effic:ent

by University of Missouri tests.

1-15-69
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• The tests for full flow revealed that very little, if anything, is gained by shaping the

bottom of a manhole to conform to the pipe invert. Shaping of the invert may even be
detrimental when lateral flows are involved, as the shaping tends to deflect the jet
upwards, causing unnecessary head loss. Limited shaping of the invert to handle low
flows is necessary from a practical point of view.

Figure 4-1 details several types of deflector devices that have been found efficient in
reducing losses at junctions and bends. In all cases, the bottoms are flat, or only slightly
rounded, to handle low flows. Numerous other types of deflectors or shaping of the
manhole interiors were tested by the University of Missouri (ref).. Some of these devices
which were found inefficient are shown is Figure 4-2. The fact that several of these
inefficient devices would appear to be improvements indicates that special shapings

deviating from those in Figure 4-1 should be used with caution, possibly only after

model tests.

Entrances, Tests indicate that rounding entrances or the use of pipe socket entrances do
not have the effect on reducing losses that might be expected. Once again, the effect of
the jet from the upstream pipe must be considered. Specific reductions to the pressure
change factors are indicated with each design chart.

• G. Catch Basins

•

Certain specific design procedures are necessary when designing catch basins for storm

water catch basins on systems flowing full.

The design water surface should be at least 6 inches below the gutter grade at the catch
basin to allow the catch basin to function properly. If there is any possibility of the
hydraulic grade being above this level, the catch basin should be considered not to
accept any flow, in which case, adjustments should be made to lower the hydraulic
grade line or the inlet should be eliminated in that location.

H. Outlets

Final hydraulic design of storm sewers begins at the lowest point in the storm sewer
system. The beginning hydraulic grade line (water surface in open channel flow or
hydraulic grade line in pressurized conduits) in the receiving facility must be determined
coincident with the time of peak flow from the storm sewer. If sophisticated hydrologic
modeling techniques are utilized, the flow rate in the receiving facility (normally major
drainage) may be known and the corresponding water surface elevation can be

determined.

If the outlet is submerged or if the receIvmg water surface elevation is higher than
normal depth in the storm sewer, the beginning hydraulic grade line is the hydraulic
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STORM SEWERS

Offset lateral with deflector

Inline upstream main a 90°

lateral with divider

Inllne upstream main a 90°

lateral with deflector

•

•

~1'"1.-
FIGURE~ INEFF1ClENT MANHOLE SHAPING

The above methods of shapinQ the interior of a manhole were found inefficient

by University of Missouri either due to increased head loss or tendency to

pluQ with trash.
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•

grade line in the receiving stream. With a submerged outlet, the design proceeds up the
pipeline after inclusion of exit losses. For unsubmerged outlets, design can begin
assuming normal depth at the first source of a point loss (lateral, manhole, or bend),
unless this first loss is hydraulically close to the outlet. In this case, backwater
techniques will be necessary. For a conduit with an unsubmerged outlet and a greater
hydraulic (and energy) grade line slope than pipe slope, the beginning water surface
elevation is critical depth in the storm sewers.

Figure 4-3 ?as been included to illustrate some of the exit conditions. Figure 4-4
illustrates the various hydraulic relationships for closed conduits and for open channel
flow.

4.2.4 Design Procedures

A. General Aspects of Storm Sewer Design

Calculations to check the pressure of water surface elevations in the storm drain system
begin with a known surface elevation at some downstream point. The rise of the
hydraulic grade line along the pipe to the first upstream junction is added to this known
elevation to obtain the outfall hydraulic grade line elevation at the upstream junction.
The hydraulic grade line rise through the pipe length is the. resistance loss, or friction
loss, in the pipe and is calculated by any of a variety of accepted methods.

If the hydraulic grade line is above the pIpe crown at the upstream junction, full flow
calculations may proceed. If the hydraulic grade line is below the pipe crown at the
upstream junction, then open channel flow calculations must be used at the junction.

When the discharge is not submerged, a flow depth must be determined at some control
section to allow calculations to proceed upstream. As illustrated in Figure 4-3, the
hydraulic grade line is then projected to the upstream junction. Full flow calculations
may be utilized at the junction if the hydraulic grade is above the pipe crown.

For open channel flow, the assumption of straight hydraulic grade lines as shown in
Figure 4-3 is not entirely correct, since backwaters and drawdowns exist, but should be
accurate enough for the size of pipes usually considered as storm sewers.

On steep storm sewer grades, the upstream storm sewer may enter the junction at an
elevation somewhat higher than the crown of the downstream storm sewer pipe. In this
case, it may be assumed that the upstream flow acts as though it were catch basin flow
since the jet is essentially broken up when it enters the junction. The designer may then

use the relevant catch basin design chart to calculate the pressure change likely' across

the junction.
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SUBMERGED DISCHARGE - Hydraulic grade line above crown of pipe,

full flow desi9n methods may be used at manhole.

SUBMERGED DISCHARGED - Hydraulic grade line below crown of pipe,

open channel flow methods must be used at manhole.
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The pressure change for each upstream pipe at the junction is then added to the·

common outfall pipe hydraulic grade elevation at the center of the junctions. This
accounts for all losses at the junction and gives a starting elevation for calculations to be
made along each upstream pipe.

The water depth at each junction must be calculated to verify that the water level is
above the crown of all pipes. Whenever the level is 80 percent or less of the pipe
diameter, full flow methods are not applicable. When the pipe level exceeds the 80
percent level, pressurized pipe flow techniques are applicable.

Certain points concerning the application of the design method described herein may be
noted. To expedite computations, the storm sewer hydraulic grade line elevation
determined at a junction should first be compared to the elevation of the top of the
downstream pipe and the gutter. Because of usual losses at the junction, it is known
that upstream hydraulic grade elevations and the water elevation in the catch basin are
generally higher than the elevation of the downstream storm sewer hydraulic grade line.
Comparison to limiting conditions will indicate whether the design mayor may not be
applicable at the junction.

B. Pressure Conduits

The methodology outlined in this Chapter allows computations for required storm sewer
systems to be pursued with the degree of accuracy justified by the cost of subsequent
construction. The charts in this section offer one of the better design methodologies
available.

These charts enable a designer to include manhole losses in a progressive calculation of
pressure elevations proceeding upstream along a storm sewer system, determining the
water surface elevation, hydraulic grade line, and total energy gradient. Emphasis must
be placed on the fact that the charts are strictly applicable only when all pipes entering
the manhole are flowing full.

The nomenclature used in the design charts are suggested for design purposes is
explained in Figure 4.5, where sketches of the junction types also appear.

In this presentation of design methods, provision is made for reserving numbers to
designate catch basins and junctions by using a system of letter subscripts for
identifying pipes. The letter subscript is applied to the pipe diameter D, its discharge
Q, and the resulting velocity of flow V.

•

•

The letter subscript designates the function of that pipe at the particular junction under •

consideration. These letter subscripts are used consistently for each pipe of similar
function at all junctions. Thus Do designates the diameter of the outfall pipe at any
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junction, Du that of the upstream pipe, DL that of a lateral entering the left side of a

junction, viewed looking downstream along the direction of the outfall pipe, and DR a
similar lateral at the right. Similarly, Qo, Qu, QL, and OR designate the rates of flow in
the several pipes.

In the design applications, the outfall pipe is always used as the basic measurement.
Pipe size ratios are stated as the ratio of upstream to outfall pipe diameter, e.g. Du/Qo
or DL/Do. Flow ratios are similarly stated, e.g. Qu/Qo. Pressure changes are stated in
terms of outfall velocity head; that is, the pressure change coefficient Ku, equals the
pressure change hU in its ratio to Vo

2/2g.

The line diagrams of Figure 4.5 illustrate the pipe positions and the function of each as
supply or outfall for each type of inlet and junction involved. A detail plan is included
to show junction and pipe diameter dimensions used. These dimensions may be in
inches, feet, or any other unit of linear measurement since they are used in the design
charts only as ratios of one to another. The charts included in Section 4.2.5 are based on
tests of round pipe, and apply to pipes of circular cross-section. However, the charts
will apply accurately enough to pipe of any cross-section.

•

One of the diagrams on Figure 4.5 shows a through main at a junction of a 90 degree
lateral, with pressure lines and total head lines superimposed. It will be noted that the •
relative elevations of the various total head lines are not dealt with in this sketch.

The same diagram shows the hydraulic grade lines projected to a point above the
"branch point," this being the location in plan of the intersection of the outfall pipe and
lateral pipe centerlines. A similar point of reference, the center of the junction box, is
used for the upstream in-line pipe and its hydraulic grade line where no lateral is
present. The change of pressure at a junction is measured by the difference in elevation
between the outfall hydraulic grade line and an upstream hydraulic grade line, along the
vertical line through the branch point. The vertical dimensions hU and hL indicate the
change of pressure for the upstream in-line and lateral pipes, respectively. The adjacent
equations on Figure 4.5·state how each is calculated.

,There will be situations where combinations of pipelines and/or flow conditions are not
represented in the design charts. In the latter case, it is generally acceptable to
extrapolate. Situations are rare where required extrapolations are significant.

In those rare instances and where more than three pipelines enter the same manhole, it
may be necessary to make simplifying assumptions in regard to the flow conditions and
utilize the appropriate chart representing these assumptions. This approach is not
considered a serious constraint as there are many similarities between the graphics for •
varying flow conditions.
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• One frequently occurring example is rour pipelines entering a common junction. Table
4.2 lists the recommended graphs and assumptions for this condition.

At all junctions where a change of pressure occurs,
whether the pressure change is positive or negative.
check pressure results.

a loss of total head must occur
This basic fact may be used to

General Instructions for Use of Design Charts. Several operations are common to use of
the design charts for various types of junctions. Instructions for performing these
recurring procedures are consolidated in the following General Instructions. In the
detailed instructions for use of the individual charts, references to these General
Instructions are made by number (Gen. Instr. 1, etc.). The general instructions are as

follows:

1. Determine and tabulate the elevation of the outfall pipe pressure line at
the branch point or catch basin center (refer to Figure 4.5). This
elevation is obtained by adding the pipe friction loss to the elevation of

the pressure line at the preceding structure downstream.

• 2. Calculate the mean velocity head of the flow in the outfall pipe.

V o2/2g

3. Calculate the required flow rate and size ratios. Examples:

Qu/Qo, QL/QU, QG/Qo, etc.
Du/Do, DL/Do, B/Do, etc.

4. Estimate the depth of water, d, in a manhole with flow into the manhole
from a top inlet, either along or combining with flow from an upstream
pipe.

•
November 7, 1989

d

h

k

=
=

=

total depth of water, in feet
(outfall pressure line elevation minus catch basin
bottom elevation)+(K) V0 2/2g

the pressure change coefficient for the catch basin
water depth. (This is estimated as detailed for each
type of manhole. Such estimates are not necessary
for manholes with in-line or offset opposed

laterals.)
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Deflectors in Square or Round Manholes at 90·
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• 5. Use the coefficients K from the charts for manholes with square-edged
entrance to the outfall pipe (entrance flush with box side, with square
edges).

6. Use reduced coefficients K, where applicable, for a rounded entrance to
the outfall pipe (rounded on 1/4 circle arc of approximate radius 1/8 DO)

or for an entrance formed by the socket end of a standard tongue-and
groove concrete pipe.

•

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13,
4.14 and 4.15
Figure 4.16

insignificant effect, make no
reduction
read directly from the chart
reduce Ku by 0.1 for usual
proportions of inlet flow; by 0.2 for
QG about 0.5Q
reduce Ku and KL in same manner
as Figure 4.9
insignificant effect, make no
reduction
insignificant effect, make no
reduction
see specific instructions for each
case
make no reductions

7. Calculate pressure change. To calculate the change of pressure at a
manhole, working upstream from the outfall pipe to an upstream pipe,
the design chart applying to the type of junction involved is selected.
The pressure change coefficient for a specific upstream pipe is read from
the chart for the particular flow rate and size ratios already calculated.
The pressure change is calculated from

(4.1 )

•
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8.

The coefficient is a dimensionless number, and therefore, the change of
pressure will be in feet.

Apply the pressure change. The pressure change, in feet, for each
upstream pipe is added to the outfall pipe pressure line elevation at the

branch point to obtain the elevation of each pressure line for further
calculations upstream along the pipe. In some cases, the upstream
pressure line at the branch point will be at a lower elevation than the

4. 10



downstream pressure line. Where this less common situation may occur
with a particular type of junction, it is mentioned in the instructions for
use of the specific chart.

9. Determine the elevation of the water surface. The elevation of the water
surface in a manhole (with or without catch basin flow) receiving flow
from a pipe or pipes will correspond to that of the upstream in-line pipe
pressure line. At a junction with offset opposed laterals, the water
surface will correspond to the elevation of the far lateral pipe pressure
line. At a junction with in-line opposed laterals, the water surface will
correspond to the elevation of the pressure line of the higher-velocity
lateral pipe.

•

C.

Verify that the water surface is above the crown elevation of all pipe
connections to the structures that are being analyzed. Small pipes, such as
laterals to catch basins, which carry a small portion of the total flow, may
reasonably be constructed to affect a manhole in the same way as catch
basin flow from the ground surface.

Open Channel Flow •
The HGL in an upstream pipe that is in-line with the outlet will seek normal depth
when the slope of the pipe is greater than the slope required for full flow. Should the
slope of the pipe be less than that required for full flow, the HGL will be at an
elevation greater than the crown of the pipe. Drawdown effects will be observed near
the outfall from the pipe. In this case, the depth will pass through critical depth at or
near the point of outfall. Backwater or drawdown calculations for large diameter pipes
should be made along the length of the pipe to determine whether normal depth or
pressure flow is attained before the next manhole.

For the size of pipes normally encountered in storm sewer design, it is reasonable to
assume a straight water surface. It is also assumed that the energy grade line is parallel
to the pipe grade, and that any losses other than pipe friction may be accounted for by
assuming point losses at each manhole.

The basic approach to design of open channel flow in storm sewers should be to
calculate the energy grade line along the syste~. Once the discharge has been
determined and a pipe size and slope assumed for a given section, the diD and vIV full

ratios can be determined from a graph of Hydraulic Elements for Circular Conduits
(Figure 4.6). •

4. 11
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• The next step is to calculate the energy grade line:

H = Z + d + (V2/2g) (4.2)

At each manhole the energy grade line of all pipes should coincide, allowing for

reasonable values of head loss to the junction. Under certain conditions, this would

indicate an upstream Invert lower than the downstream invert. Inverts should be set at

the same elevations under such circumstances.

The usual method of stating head losses at manholes is in terms of a constant K times
the velocity head of the conduit in question,

he = (K)V2/2g

A difficulty in design of systems is the determination of the value of K.

(4.3)

•

•

Simple Transitions in Pipe Size

Simple transitions in conduit size in a manhole with straight through flow may be

analyzed by the following equation:

(4.4 )

The term .Q. (V2/2g) refers to the change in velocity head in the upstream and
downstream conduits. The value of K varies from 0.1 for increasing velocity to 0.2 for
decreasing velocity transitions if flow is sub-critical. For super-critical flow, greater

values of K are probable, but have not been determined.

Bends

Reliable headloss coefficients through bends in open channel flow are almost entirely

lacking. Reasonable assumptions may be made by utilizing existing information

available on losses in bends and pressure conduits.

Junctions

Values for head loss coefficients at junctions on storm sewers flowing as open channels
are not readily available. Complicated methods for calculating head loss at certain types

of junctions are available and are justified for certain situations.

Unless unusual conditions exist, the figures and procedures for pressure conduits should

be used. Energy grade lines should be matched to insure continuity; that is, the

upstream energy grade line equals the downstream energy grade line plus head loss.

4. 12
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•

•

Storm Water Catch Basins
As can be noted in Figure 4.7, the depth of water in a catch basin has a profound effect
on the energy losses in a catch basin. The shallower the depth, the greater is the head
loss. Normal culvert design aids are nQ! applicable to this condition. The water falling
into the catch basin causes significant turbulence and energy losses.

For this condition and for significant grate flow into any junction, the applicable curves

for the pressure conduit analysis should be used.

4. 13
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~Clure.. 44 i"\
Catch Basin wi th Inlet Flow Only - SAai"t: IU-A

t:'\C\·.• re...
Pressure change coefficients are presented in this -Gh4rt for use in de-

termining the elevation of the water surface in a catch basin with all

inflow entering through an inlet. Separate curves are included for the

outfall pipe connected at the box end (short dimension) and the box side

(long dimension). The coefficient KG depends on the pipe position and

the depth of water in the inlet.

F'a\),'f"e,;~

To use the Chiirt: ~

1. Note whether outlet is at end or side.

2. Determine outfall p~pe pressure line elevation Gen. Instr. 1.

3. Calculate outfall velocity head - Gen. Instr. 2.

4. Estimate a value for water depth d.

o outfall pressure line elevation minus inlet bottom elevation plus,,,

7.

5.

6.

hG equals d, where

o estimate KG as follows:

7.0 for end outlet, 5.0 for side outlet--pressure line to bottom

not over 2 pipe diameters.

4.0 for end out let, 3.0 for side outlet--for higher pressure

lines.

Calculate, the e~timated relative water depth dIDO.
~'O:'-''r~.:I:- • \

Enter Gftch't IV A at this depth dIDO and read KG from the curve

for the particular outfall pipe location.

Calculate hG as indicated on the diagram on the chart and by Gen.

Inst. 7.

8. Add hG to the elevation of the out fall pressure line at the inlet

center to obtain the water surface elevation in the inlet.

•

•
WME, June, 1979, II



• 9.

10.

11.

From this water surface elevation subtract the elevation of the in

let bottom to obtain a mote precise value for the water depth d.

Repeat the above procedure with the improved value of d from Step 9

if necessary. "Such repetition may not be necessary if the estimated

diDO of Step 5 was reasonably accurate. lo.;- ~~t Co'J
Check to be sure that the inlet water elevation is below the gutter

elevation at the inlet so that inflow may be admitted.

s.

l.

2.

3.

4.

•

•

Flow Straight Through Any Manhole - eRn! IV "S"Fa'.).('-'t·~...
~~~t~Pressure change coefficients are presented in the for use in

determining the elevation of the pressure line of an upstream in-line

pipe relative to that of the outfall. The pipe centerlines must be

parallel and not offset more than would permit the area of the smaller

pipe to fall entirely within that of the larger if projected across the

junction box along the pipe axis. The shape of the junction in plan is

not significant in determining the pressure change. The effect of

junction size and outfall pipe entrance conditions are included in the

chart. Negative pressure changes occur with an upstream pipe smaller

than the outfall pipe. That is, at the junction center, the upstream

pressure line is below the outfall pressure line for this case. No flow

other than that from the upstream in-line pipe may be involved where
~·.a..·r(J-

this~ applies.

Determine the outfall plpe pressure line elevation - Gen. Instr. 1.

Calculate the velocity ·head in the outfall - Gen. Instr. 2.

Calculate the size ratios DUDO and A/Du - Gen. Instr. 3.

Note whether the outfall pipe entrance is to be square-edged or

rounded smooth (note Gen. Instr. 6).
"f\a,n·e. 4-.~

Enter Chat t IV 13 at the plpe size ratio DulDO and read KU at

the curve for the proper value of A/DU for a square-edged en

trance condition, or at the dashed curve for a rounded entrance.

6. Calculate hU (positive or negative) as indicated on the diagrams

on the Figure and by Gen. Instr. 7.

-!v 30 -
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7. Add a positive hU to (or subtrac t a negative hU from) the ele-
vation of the out fall pressure line at the junction center to obtain •the elevation of the upstream pipe pressure line at the same lo-

cation.

8. The water surface elevation in the junction corresponds to that of

the upstream pipe, whether above or below the outfall pressure

line.

9.
\... 0.* \eQ.&-t Co')

Check to be sure the water surface elevation in the junction is'fbe-

low the top of the junction box so that overflow may not occur.

Comments: For a square-edged entrance to the outfall pipe, values of

A/DU less than 1 do not appreciably reduce the values of KU shown
for A/DU = l. KU increases for distances A/DU greater than 3, but
such values are not usual in storm drain construction. For rounded

ent.rances, _the curve shown will apply with sufficient accuracy for all

values of A/DU up to 3.

f"o,-,.1-?.4.d
Rectangular Manhole - Through Pipeline - Lateral Pipeline - Gnart IV C

Pressure changes coefficients are presented in this Chart for use in

determining the common elevation of the upstream in-line pipe pressure

line and the water surface in the manhole. The in-line pipes connect at
•

requirement stated

alignmentthemeetmust

as half the total flow may
F.c:'J." '::"::0

The main graph of Ch'a"rt~ IV' C includesinlet.

(long, dimension) and
~lo.U"'~ A,q

for "€h"'ar! tv ~ As much

top

sides

through a

the manhole

enter

effects of various portions of grate flow for a relative water depth

d/DZO of 2.5. Increments of KU for other relative water

shown in the supplemental graphs; posi tive increments for

than 2.5 and negative for greater depths.

depths are

diDO less

~O\.U·,.e

To use the ettaTt:
1. Determine the ou~fall pipe pressure line elevation - Gen. Instr. 2.

Calculate velocity head in the outfall - Gen. Instr. 2.

3.

4.

Calculate
inlet flow

Estimate a

the. ratios Du/DO and Qu/Qo 
ratlo QG/Qo = 1 - QU/QO)'
value for the water depth d.

Gen. Instr. 3. (The

•
WME, June, 1979, II
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5.

6.

o Follow Gen. Instr. 4.

o Estimate K = 3 QG/Qo.

Calculate the corresponding relative water depth diDO'

If the esti~ated diDO is approximately 2.5, enter the lower graph
r\'aLl,r~+.-\

on GRaFe IV e- at the pipe size ratio Du/DO and read KU at the

curve of interpolated curve for Qu/Qo: then proceed as in Step

•
9.

7. If the estimated diDO is other than 2.5, follow Step 6, then
t'~u"'''....... ~

enter the upper graph on (;h ar t I'll e- at the given DulDo and

r1o.u,'re...
the~ and by Gen.

determine the increment of KU required to account for the effects

of the estimated relative water depth diDO.

8. Add KU from Step 6 and the increment from Step 7 to determine the

total value of KU ' Note that negative values of KU may occur.

9. For a rounded outfall pipe entrance or one consisting of a p~pe

socket, reduce KU according to Gen. Inst. 6.

Calculate hU as indicated on the diagram on

Instruc tion 7.

10.

11. Add h
U to the elevation of the outfall pressure line at the inlet •center to obtain a more precise value for the water depth d. t

12. Repeat the above procedure with the improved value of d from Step
\\.

repetition ifM:. if necessary. Such may not be necessary the

original estimated diDO of Step 5 was re~sona 11. accurate.
0. tea. ,.

13. Check to be be sure the water elevation ~s e ow the gutter eleva-

tion at the inlet so that inflow may be admitted.

Rectangular Manhole - Upstream Main and 90" Lateral pipe - With or

Without Grate Flow - Chart IV-D
fIO\Xfe_

Pressure change coefficients are presented in this eb8! t for use in de-

termining the common elevation of the two ups tream pipe pressure lines

and the water surface in the manhole. Flow into the combination inlet

and junction box is supplied by an upstream main, in-line with the out

fall and flowing through the short dimension of the manho le, and a 90"

lateral pipe connected at one end of the box, supplemented by flow

•
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r;a'J.,( P_ 4. ID
through a to p inlet. The maln graph of bhart -Iv-II applies direc tly for

no flow into the manhole through the inlet. Increments of Ku and KL

for inlet flow cond itions are shown in the supplementary graphs of the

upper portion of the chart.

~a'J,'(~

To use the ~:

1. Determine the outfall pipe pressure line elevation - Gen. Instr. 1.

2. Calculate the velocity head in the outfall - Gen. Instr. 2.

3. Calculate the ratios DU/DO' QU/Qo - Gen. Instr. 3. "'flo. \..I,'r e...
4. If no inlet flow is involved, enter the lower graph on Ghatt at the

•

pipe Slze ratio DU/DO and read KU (or KL) at the curve or

interpolated curve for QU/Qo, then proceed as in Step 10.

5. With inlet flow', estimate a value for the water depth d.

a Follow Gen. Instr. 4

o Estimate K = 1.5

Calculate the corresponding relative water depth diDO.

7. Enter the lower graph and ob tain KU (or KL) as ln Step 4, this

8.

value applying for QG/Qo = O.

Enter the appropriate upper graph

diDO nearest that estimated in

determine the increment of l<.u

't\~v..'(' e.. ~ , \0
on Chan: IV-f) for the particular

Step 6 at the given DU/Do and

(or KL) at the curve for

•{

QG/Qo. _ This increment accounts for the effec ts of inlet flow

and 1S always a positive value, even when Ku of Step 7 is

negative.

9. Add KU from Step 7 and the increment from Step 8 to obtain the

total value of KU• Note that in unusual cases the total value of

KU may be negative.

10. For a rounded outfall pipe entrance or one consisting of a p1pe

socket, reduce KU and KL according to Gen. Instr. 6.

11. Calcul_ate hU (also equal to hL) as ind'icated by the diagram on
r:\~u..re.

the~ and by Gen. Instr. 7.

12. Add hu to the elevat ion of the out fall pressure line at the branch

point to obtain the elevation of the upstream in-line pipe pressure

WME, June, 1979, II
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•

line at this point. The elevtions of the upstream main pressure

line, and lateral pipe pressure line and the water surface in the

inlet will correspond.

13. From this water surface elevation, subtract the elevation of the

inlet bottom to obtain a more precise value for the water depth d.

14. Repeat the above procedure with the improved value of d from Step 13

if necessary. Such repetition may not be necessary if the original

estimated diDO 0 f Step 6 was reasonab ly accurate. o.T lEO..rt ~tI

15. Check to be sure the inlet water surface elevatio~the top

of the inlet so that inflow may be admitted.

Rectangular Manhole - In-Line Opposed Laterals With or Without Inlet

,....
\'.C\_'~\t "_

Pressure change coefficients are presented in this eh-art for use tn

determining the elevation of the pressure line of the lateral carrying

the lower-velocity flow of two in-line opposed lateral pipes supplying

a combination junction and inlet box. The pressure change coefficient

for the higher-velocity lateral is a constant and so is not read from

th~ C-Chart. ~, inlet of this type may be used at a low point of street

grade where lateral pipes supply flow from up-grade inlets t~ both

directions, and the outfall pipe 1S located at right angles to the

two lateral lines.
"F!"~.\,L\"2....

The~ may be used for cases with all probable ratios of flow rates

in the two laterals, with or without inlet flow. For this type of inlet

and junction, the pre~sure changes are not modified by the depth of

water in the inlet. The water surface elevation here will correspond to

the pressure line of the higher-velocity lateral.

;:-.~ '..\1 t!.

To use the etrcrr't:

1. Determine the outfall ptpe pressure line elevation ~ Gen. Instr. 1.

2. Calculate the velocity head in the outfall - Gen. Instr. 2.

Calculate the velocities tn each of the laterals to determine which• 3.

15 the higher-velocity and which the lower-veloci ty lateral.



•
4.

5.

ure at the pipe slze ratio (note the

Enter the fig

relevant scale)

6.

and read H at the curve or interpolated curve for QHV/QO' In

entering the graph, note that unequal size laterals (DHV/DLV

not equal to 1.0 effect an offset of the scale for DHV/Do.).
F'\a~'r~ 4:-,i\

Determine L from the right-hand graph on €ha-rt IV E. Enter the

graph at the plpe Slze ratio DLViDO (note only one scale is

involved) and read L at the curve or interpolated curve of

top

QLV/QO'

7. Calculate KLV = H - L with inlet flow involved. With no inlet

flow, KLV = (H - L) - 0.2.

8. KHV = '1.8 with inlet flow involved. With no inlet flow, K
HV

= 1. 6.

9. Calculate h LV = KLV (Vc
2/zg) and h

WJ
= K

HV
(Vo

2/2g).

10. Add hLV to the elevati.on of the outfall pipe pressure li.ne at

the branch point to obtain the elevation of the lOloJer-velocity

lateral pressure line at this point, similarly, add h
HV

to the

outfall pipe pressure line elevation to obtain the elevation of the

higher-velocity lateral pressure line at the branch point.

11. Determine the water surface elevat ion in the inlet, which is equal

to the lower of the two lateral presure line elevations that of the

h igher-veloc i ty lateral). Q,-t \-e.a.st Co I'

Check to be sure the inlet water surface elevati~ ~below ~he
of the inlet so that inflow may be admitted.

12.

•
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Elevation Sketch
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Rectangular Manhole - Offset Opposed Laterals -. With or Without Inlet

Flow - Glurt IV F r=<~v" e.... 4· \~

Pressure change coeffic ients are presented in this Chart for use in de

termining the elevations of the pressure lines of each of the two hori

zontally offset opposed lateral pipes supplying a combination junction

and inlet box. The inlet is used 1n the same situations as those to
i='\Cl~re,4. I~ '£

which Chart IV -l applies, but the pressure rise of the lower-velocity

lateral is restricted by locating the lateral pipes to enter opposite

sides of the inlet box with their centerlines horizontally offset a dis

tance not less than the sum of the two lateral pipe diameters. One lat

eral enters one side of the box near the outfall pipe end, and one, des

ignated the far lateral, enters the opposite side near the other end.

•

Ft~lAre....

This Gftaf't~ is used for all probable ratios of flow rates in the two lat-

erals, with or without inlet flow. For this type of junction the pres

sure changes are not modified by the depth of water in the manhole. The

water surface elevation here will correspond to the pressure line of the

far lateral.

Calculate the ratios QF/Qo, QN/QO' DF/DO, and DN/DO,
observing the nomenclature of Figure IV-S - Gen. Instr. 3.

Calculate the factors .QF DO and QN DO
x x

Qo DF QO DN

~~u,e.

Top use this ~:

1. Determine the horizontal distance between the centerlines of the op

posed flow laterals at the inlet; if more than the sum of the pipe
f"la.;.rt..

diameters, this -GWe:rt will apply.

2. Determine the outfall pipe pressure line elevation at the branch

points - Gen. Instr. 1. An average elevation applicable to both is

sufficiently precise.

3. Calculate the velocity head 1n the outfall - Gen. Instr. 2.

4.

S.

•
WHE, June, 1979, II
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•

t\(::\·J..\c:..~·'·~
6. For the far lateral, enter the right-hand graph of ffltatt IV=r-at the

abscissa value from Step (5) and read KF at the curve or

interpolated curve for OF/DO.

7. For the near lateral, ob tain KN from the left-hand graph by a sim

ilar procedure.

8. For a manhole with inlet flow, calculate hF and hN by mul tiply

ing the outfall velocity head by the corresponding coefficient KF
or KN.

9. For a junc tion without inlet flow, calculate hF and hN by multi

plying the outfall velocity head by the corresponding reduced coef

ficients (KF - 0.2) or (KN - 0.2).

10. Add hF and hN to the elevation of the .downstream (outfall pipe)

pressure line to obtain the elevations of the presure lines of the

two laterals at their branch points.

11. Determine the water surface elevation l.n the inlet, which is equal

to the far lateral pressure line elevation. ~~~ \;;Si~l~

12. Check to be sure the inlet water surface elevation is below the top

of the inlet so that inflow may be admitted.

IV-41

4,d.~
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Elevation Sketch

CHAR"F-l!l;F RECTANGULAR MANHOLE WITH OFFSET OPPOSED LATERIAL PIPES
EACH AT goo TO OUTFALL

(WITH OR WITHOUT INLET FLOW)

(From University of Missouri) •
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withof manholesdesignThe

-::"10'·\ i ;

Pressure change coefficients are presented in this ~- for use in de-

termining the elevation of the pressure line of an upstream pipe connect

ed by means of a square manhole to an. outfall pipe at a 90· angle. The
tltA:\..\I ~ •

manhole conditions covered by this ~ do not 1nvolve an upstream pipe

in-line with the out fall pipe. For this and other manhole figures, the

lateral pipe is designated by the subscript L irrespective of its right-
'="~\.I~

hand or left-hand position. The coefficients given by the €lnrrt apply

directly to manholes having a square-edged entrance to the outfall pipe.

Coefficients for a rounded entrance are obtained by reduction of the
-;","OIl A;-.?:

Chart values as shown in :rab 1a PI 2'.

•

deflector devices is discussed separately.

1- Determine

• 2. Calculate

3. Calculate

4. Enter the

~la.\~\\e...
To use the ~t:

the outfall pipe pressure line elevation - Gen. Instr. 1.

the velocity head in the outfall - Gen. Instr. 2.

the ratios DL/DO an~ B/DO .: Gen. Instr. 3.
~'.~'.}..{ '!..-~. ,-:,

lower graph of Glotert: IV &- at the pipe size ratio DL/DO
and KL at the curve or interpolated curve for the manhole S1ze

ration B/DO' For all flow from a lateral KL = KL .

5. For a rounded outfall pipe entrance or one formed by a pipe socket

reduce the figure value of KL by 0.3 as defined by Gen. Instr.

6.

6. Calculate the change of pressure hL = KL x

(always positive for 90° deflections).

7. Add hL to the elevation of the outfall pressure line at the branch

point to obtain the elevation of the lateral pipe pressure line at

this point.

•
8. The water surface elevation in the manhole will be above the lateral

P~f;;~i.,_e:e.~~ure 1ine. To de cermine the water-surface elevation I use

c.aa-rt IV M\ as instructed in Steps 12 through 18 of the instructions

for a square manhole at the junction of a 90° lateral with a th~ough

ma1n.

I-V-43-"

4-. d.3
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To find Kl. for the lateral pipe, first read KI.
from the Iowet' 'i"aph. Next determine MI..
Then

Dashed Cl.Wve for curved « 4~· anqle deflectors
applies only to manholes without upstream in
line pipe.

Use this chart for round manholes also.

For rounded entrance to outfall pipe, reduce
chart Yolues of I(l. by 0.2 for combininq flow.

For Qu./Qol 0<v1>u>1 us. Chart Dr-\.

For Ot./Oo <0.6 use Chart ]7-1.

v, "
hI.- l<t.~

MANHa..E AT 9()4 DEFLECTI~OR ON THROUGH PIPELINE AT
JUNCTION OF 900 LATERAL PtPE

(LATERAL COEFFICIENT).
(From University of Missouri)

·CHAR+'&",G

Elevation Sketch



•
9. Check to be sure the water sur face elevat ion is above the pi pe crowns

to jus ti fy u:nng these charts and that it is suffic ient 1y below the

t~p of the manhole to indicate safety from overflow.

F\~\..~( e. 4-. \~
Ghare gr..-.e

'; 10.1.lif :,__

Pressure change coefficients may also be obtained from this ~hKre for use

Round Manhole - 90 0
Deflection

in determining the elevation of the pressure line of an upstream pipe

connected by means of a round manhole to an outfall pipe at a 90
0

angle.

\="' o..u '(' e......
To us e the eh-a'rt:

•
1. Proceed as instruc ted 10 Ste ps 1 through 4 for a square manhole at

90 0 deflection to obtain a base value of KL for the particular

values of DL/DO and E/DO'

2. To provide for the effects of the round manhole cross section, reduce

KL in accordance with the following table:

TA.BLE PH r__

REDUCTIONS FOR KL - ~~NHOLE WITH ROUNDED ENTRANCE
Reductions for KL

B/~DOI 0.6 0.8 1.0 1.2

1. 75 0.4 0.3 0.2 0.0
1.33 0.3 0.2 0.1 0.0
1.10 0.2 0.1 0.0 0.0

•

The reduced values apply for a sharp-edged entrance to the out fall

pipe.

3. With a well-rounded entrance to the out fall pipe from a round man-

hole, reduce KL of Step 1 by 0.3 with no further reduction for

manhole cross section shape.

4. Fa llow Steps 6 through 9 as detai led for square manholes at a 90
0

deflection.

WME, June, 1979, II
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~1.c,:},X ~ ~ Ii ~

Square or Round Manhole - 90° Deflection With Deflectors - GA:~l1.t IJT-Go
\- \~~t"e..

Pressure change coefficients are presented in this ~ for use ln

determining the evaluation of the pressure line of an upstream pipe

connected to an outfall pipe at a 90° angle by means of a square or round

manhole modified by flow deflectors. Deflectors in a manhole effectively

eliminate the effects related to the shape of the manhole. The basic

types of deflector walls which may be constructed in square or round

manholes to effect a reduction of the pressure loss are detailed and

described in the main text and Figure IV-3.

The deflectors which are more easily con.structed and are as effective as

more complex types provide a vertical wall to guide the flow toward the

outfall pipe diameter and must fill in that part of the manhole opposite

the lateral pipe exit so that it is flush with the side of the outfall

pipe. Three basic types .sf su.f~ d~fleetor walls are possible and are in-
'i" ',o:'.A r - ...~

eluded in the curves of €fiaI I:: IV""'G"'. These three are (1) walls parallel

•

to the out fall pipe centerline or 0° walls, (2) inclined walls, limited •to an angle of about 15 ° to the out fall centerline if an upstream in-line ...
plpe is to be used, and (3) walls at 45° to both the lateral and outfall i

pipes, or walls curved on a radius of about the manhole dimension

extending from lateral to outfall, and therefore to be used only when no

upstream in-line pipe is involved. RouLlding of the corner formed between

the deflec tor wall and the manho le floor is not required, and may be

detrimental in some cases.

No distinction between

·\=\al.....\ ~- L

To use the ~t:

1. Determine the outfall pipe pressure line elevation - Gen. Instr. 1.

2. Calculate the velocity head in the outfall - Gen. Instr. 2.

3. Classify the type of deflector used:

v Parallel wall - 0°

o Inclined wall - 5° to 15°

o 45° or curved wall

4. Calculate the rat10s DL/DO and B/DO'

square and round manholes is necessary.

~~, June, 1979, II
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• 5. If B/DO 1.S 1.') or less, enter the lower graph of the chart at the

ratio DL/DO anci read Kr at the curv'~ for the appropriate...
de flec tor type. In the case of a parallel wall, use the curve for

same dashed

B/DO
= 1.10

BIDO = 1.20

BIDO = 1.00.

6. If BIDO is more than 1. '; and less than 2. (), use the

curve for 45 ° or curved de flec tors, use the curve for

for 5° to 15° angle deflectors, and use the curv~ for

for 0° angle deflectors.

7. A rounded entrance to the out fall pipe or one formed by a p1.pe

socket 1.S less effective in reducing the pressure change with

deflectors than when deflectors are not used.

KL by 0.1 may be justified.

~. Calculate the change of pressure

A. reduction of

9. Add hT to the elevati.on of ehe outfall .....~r~ssu:-~ line at the branchL.. .

point to obtal.:t the elevae~,)n 0: ::~e l:l::et'al ;Jipe pressure line at•
..,

V o
2g

(for Q~, =
L..

this point.

10. The water-surface e levat ion 1:1. the manho 1,: wi 1. L be above the lateral

pip,e pressure line. To determine the wat~r surface elevation, lIse
-='~'''''I . Il-A.

bka?l!'t -PJ~-{, as instructed i:t Stet's :2 thr-,;ugh 8 f:Jr deflectors 111 a

manhole at the junction of a 90° lateral '.;1.::11 a through mab.

11. Check to be sure the water surface elevation is above the pipe crowns

to justify using these charts and that it is sufficienny below the

top of the manhole to indicate safety from overflow.

, "": ~ L.
;:-\c..."),,r-~:: ~"-

Square Manhole - Upstream Pipe and Lateral - Gfldrt! IV G aHe IV ~

The diameter of the lateral pipe muse be at least 0.6 of the

diameter of the outfall pipe t,; ?er~it use of these figures.•

Pressure change coefficients Eor use in deter~ining

pressure line of the 90° lateral pipe are obtained

the coefficients for the upstream in-line pipe are
~l ',4-
IV H.

the elevation of the
;,~,-, (".~ 4-. \3

from cb 31" t IV 6- and
;:-'0 u re.

obtained from GfiaFt

l'ressure

;~E, June, 1979, II
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•
cha.nges at junctions of smaller laterals may be obtained through use of
F,~,,,,e..4-.\5

Gfll1~rt IV f. The coefficients given by the charts apply directly to a

square-edged entrance to the out fall pipe. Coefficients for a rounded

entrance are obtained by reduction of the chart values as stated below.

The design of manholes with deflector devices is discussed separately.

F\q~rL~

To use the ~a:rt8:

1. Determine the outfall pressure line elevation - Gen. Instr. 1.

rounded.

5. Calculate the ~~ctor ~Qu/QO)X(DO/DU); if this is greater
;-,o",1"t,. +, \5 F,c;\.wt.; 4.; 3 ~:4

than 1.00, use Q1aFE IV I, instead of Cb"arti IV c-'and ff-ft. •

velocity head 1n the outfall - Gen. Inst~. 2.

ratios QU/QO'~!....~<i'4~5dDL/DO· If ;:,~1..v t: 4-. i3
than 0.6, use eft"alt IV r instead of ~~aFt3 IV G

2.

3.

Calculate the

Calculate the

DL/DO is less
4.\4

and IV H.

4. Calculate the ratio B/DO and note if the outfall entrance 15

Fo~ Lateral Pipe:

6. Enter the lower

read KL at the

graph of

curve

r::>. ....... c.. 4-. i3
Ghar!: IV 6 at

or interpolated

the ratio 0 f

curve for

DL/DO and

the ratio

B/DO'

7.. For a rounded outfall plpe entrance or one formed by a plpe socket

the curve

of KL by

F\C1,",r~ 4. \.3
..;

~lta t L IV -I;

as defined by Gen. Instr. 6, reduce the chart values

0.2.

Determine the fac tor ~ by entering the upper graph' of

at the value 0 f the fac tor (QU/QO) x (Do/DU ) and at

or interpolated curve for DL/DO'

9. Calculate KL = ML x KL .

10. Calculate the lateral pipe pressure change

8.

V 2o£Sn.x --
21'g

11. Add hL to the elevation of the outfall pipe pressure line at the

branch point to obtai.n the elevation of the lateral pipe pressure

line at this point.

•
WME, June, 1979, II



•

•

•

For Upstream In-Line Pipe: \='7~'-".z. .J... \4:-
12. Enter the lower graph of SftaFe 1V-1'I at the ratio of DL/DO and

read KU at the curve or interpolated curve for B/DO'

13. For a rounded entrance to the out fall pipe or one formed by a pipe

socket, reduce KU by 0.2. f\.:::."",,,~e. 4-, ;4-
14. Determine the fac tor Mu from the upper graph of -Qlict pJ-tr:

15. Calculate KU = MU x KU'

16. Calculate the upstream in-line pipe pressure change

V 2o
hU = Ku x ---

2g

17. Add hU to the elevation of the out fall pipe pressure line at the

branch point to obtain the elevation of the upstream in-line pipe

pressure line at this point.

For Water Surface:

18. The water-surface elevation l.n the manhole will correspond to the

upstream in-line pipe pressure line at the branch point.

19. Check to be sure that the water surface elevation is above the pl.pe

crowns to justify using these cn.a-r--t-&-' and that it H sufficiently

below the top of the manhole to indicate safety from overflow.
, -:;

.--... ~..... I _?-_. '__ .. ..:..r-'.-' I.l-~~" -. --

g,ound Manltol~ - Upstream Pip~_ and Lateral - Char.tJ3 IV-:.Gag.4 Iv-a
--).'-' ..-..=

Pressure change coefficients may also be obtained from ~tat LS LV-G and
4... .i,.

~ for use in determining the elevations of the pressure lines of the

90° lateral pipe and the upstream in-line pipe connected by a round

manhole to an outfall pipe.

';. ~'-l.\ ':"'~

To use the ~:

1. Proceed as instructed by Steps 1 through 6 for a square manhole at a

similar junction to obtain a base value of KL .

For Lateral Pipes:

2. To provide for the effects of the round manhole cross sections,

reduce RL in accordance with the following table:

79 II
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a 0.1 0.2 0.3 0.4 O.~ 0.' 0.7 0.1 0.' 1.0 •1.0

.p~ ...
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I
0.'.~_. .. .

~-
..

-.- ..

. . .1-

-I--

~I
0.8- - - l- .. ....~ -

.. - .. . ....
.

•
0.6 0.7 '0.8 0.9 1.0

DYDo

1.1 1.2 1.3

-CHART-nz-H-' MANHOLE ON THROUGH PIPELINE AT JUNCTtON OF A
900 LATERAL PIPE

(IN-LINE PIPE COEFFICJENT)
(From University of Missouri)

Elevation Sketch

I
,,' ~., .. y ••

To find Ku for the upstream main, first read Ku
from the lower graph. Next determine Mu.
Then

KU· Ku x Mu

For manholes with deflectors at 0- to 15-, read Ku on curve
for a/Oo·l.o
Use this chart for round manholes also.

For rounded entrance to outfall pipe, reduce chart
values of Ku by 0.2 for combinin9 flow.

For deflectors refer to sketches· on Chart m:-G

For Qu/Qo x Do/OU> I us. Chart &-1

For 0\./'00<o. 6 us. Chart m:-I

V6
hue Ku~ •



•

•

TABLE~.~~ .'.

REDUCTIONS FOR RL FOR ROUND MANHOLES

B/D>S:° I
0.6 0.8 1.0 1.2

1. 75 0.4 0.3 0.2 0.0
1.33 0.3 0.3 0.1 0.0
1.10 0.2 0.1 0.0 0.0

The reduced values apply for a square-edged entrance to the outfall

pipe.

3. With a well-rounded entrance to the outfall p1.pe f:::-om a round man-

hole, reduce RL obtained in Step 2 by 0.1. ' _
'\ '.';;"'\'\; '-'. "-a:- •. ~

4. Determine the factor ML from the upper graph of Gnart IV·e and

proceed as instructed in Steps 8 through 11 for a square manhole to

complete the determination of the elevation of the lateral pipe

pressure line.

Upstream In-Line Pipe:

S. P:::-oceed as instructed in Steps 12 through 17 for a square manhole at

a similar junction to obtain the elevation of the upstream in-line

pipe pressure line. Note that no reduction of RU ~s to be

•

made for effects of the round manhole cross section.

For Water Surface:

6. Proceed as instructed by Steps 18 and 19 for a square manhole at a

similar junction.

- .-\\~ ..'•• 1 1:"# .~-Square or Round Manhole - Upstream Pipe and Lateral - Deflector - ehatts
4.- •.l.

~H-and I~

Pressure change coefficients are also presented ~n C~ IV-G and IV-H

for use in determining the elevations of the pressure lines of the

lateral and in-line pipes at a junction of this type, with either a

square of a round manhole modified by flow deflectors. Deflectors in a

manhole effectively eliminate the effects related to the shape of the



m3nho~er. Deflector types are described in the instruFtions for use of

2b;;t" iV':e- for a manhole with deflectors at a 90° defection of a storm
f\

drain. The curved and 45° deflectors cannot be used 1n a manhole an
!

e
in-linethroughforrequiredspaceof thebecausea through pipeline

flow.
~',.A\A,{' e

To Use the ~:

1. Proceed as instructed in Steps 1 through 9 for deflectors in a man

hole at a 90° deflection, disregarding the references to 45° or
t:"' \~.. ;~),.'( f --+-,;~

curved walls. Through use of Clint -IV'G these steps will give the

elevation of the lateral pipe pressure line at the branch point. As

noted i~, the instructions for a manhole of this type without deflect-
\_\~ ",rt ",",S.

ors, ~~ IV-r must be used when DL/DO < 0.6 or

(Qu D~ > 1.00

\Qo x DU)

For Upstream In-Line Pipe:

2.
~a'" e 4.. \4-

Enter the lower graph of ~ IV-H at the ratio of DL/DO and

read KU for all manhole Slzes and any deflector wall angle

from 0° to 15° at the ~urve for B/DO = 1.00.
,e.

3. For a rounded entrance to the outfall pipe or one fanned by a pipe

socket, reduce KU by 0.1. _ \ \..i.r- t ~·...H-·e_ ~I \ \

4. Determine the fac tor MU from the upper graph of Ghat L IV II ..

5. Calculate KU = MU x KU'

6. Calculate the upstream in-line pipe pressure change

7. Add hU to the elevation of the out fall plpe pressure line at the

branch point to obtain the elevation of the upstream in-line pipe

pressure line at this point.

For Water Surface:

8. The water-surface elevation in the manhole will correspond to the up

stream in-line pipe pressure line at the branch point.

9. Check to be sure that the water-surface elevation is above the plpe

crowns to justify using these charts and that it is sufficiently be-,

low the top of the manhole to indicate safety from overflow.

e
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~,<;. .~\ ~_ 4; ", ~

Pressure change coefficients are presented in ~ IV-I for use in

Square or Round Manhole - Upstream Pipe with Small Lateral or Late~al
,- .

Connecting With no Manhole - CR-dft !¥-! r"~\Ai

termining the COmmon elevation of the pressure lines of the lateral and

in-line pipes at a junction of this type }.~,r ~ cases of pipe 2:zes or flow
~ '_'Jol~~ ~.\::' 4-.\ .

divisions _outsid~ ~f1e range over which Ct:laFl:a rv-"G and r¥-H may be ap-
\.... \~'xrc-..;; ~I' .:.,. ~,~

plied. Cbat:l:s IV"G' and I-V-H are more reliable' within their range and

should be used if possible. Neither manhole shape nor size nor relative
~\:~·\).t .!.=': .~ \.::. =~O"i.i·~: ..

size of lateral pipe modify the coefficients of Ghare nat. The ~

may also be used for direct connection of a 90~ lateral to a main without

use 0 f a manho le . The coefficients of the chart apply directly to a

•

square-edged entrance to the outfall pipe. ,Coefficients for a rounded':-';&iVI flo'

entrance are obtained by reduction of the ~ values as stated below.

Deflec~or_s 1n the manhole are not effective 1n the ranges covered by
':",""'11,1 ~ ~.;

Ca~lt rq=I and therefore need not be used.

To use the €~:

1. Determine the outfall pipe pressure line elevation - Gen. Instr. 1.

2. Calculate the velocity head in the outfall - Gen. Instr. 2.

3. Calculat~ .. st}e..:.., ~atios I ~L/DO' DU/DO' and QU/QO' Note that
.,.' ,:). .\;..... - --..., .~_.

use of GhaFts rv=:G and -Ft-H- is advisable if the size and flow fact-r

aI'S are within their range.

QU/Qo ~ 0.7 if other solutions are possible.

4. Note whether the outfall entrance is to be rounded or formed by a

pipe so£ket as defined by Gen. Instr. 6.
\ '~\l\~: 4-,I~

5. Enter GhaFt P<-:[ at the ratio DU/DO and read KU (also equal to

KL) at the curve or interpolate curve for QU/QO'

6. If QU x DO was found to be greater than 1.00 in an attempt to
- -
QO ?u

•
=-\Q\A.<e-: J..... ,:: 4-.'c.l.

use Ghares rv~ and -rv-H, KU of Step 5 will be negative in sign,

thus providing a check on proper use of the figures.

7. For rounded entrance from the manhole to the outfall pipe use the

reduced values from the Figure.

WME, June, 1979, II -IV-5J- 
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1.

2.

3.

4.

8. Calculate the change of pressure

V 2
hU = hL = KU x 0

2
g

hU and hL are positive or negative depending on the s~gn of

KU as read from the figure.

9. Add a positive hU to or subtract a negative hU from the elevation

of the outfall pipe pressure line at the branch point to obtain the

elevation of the upstream in-line pipe pressure line at this point.

The elevation of the lateral pipe pressure line at the branch point

and the water surface elevation in the manhole will correspond to the

upstream in-line pipe pressure line elevation found in Step 9.

10. Check to be sure that the water-surface elevation is above the pipe

crowns to justify using these charts and that it is sufficiently be

low the top of the manhole to indicate safety from overflow.

;;: ~o.,\.~r e.. 4. \\.,....
Flow Straight Through a Deflection - ~Ialt IV-~

r \O'.~, ;~

Pressure change coefficients are presented in the e~ for use 1n deter-

mining the elevation of the pressure line of an upstream in-line pipe re
F!,;·,,).\ C.

lative to that of the outfall. The cases to which the ~ may be ap-

plied are shown on the Figure. N~ flow other than that from the upstream
\len •.?.

pipe may be involved where this Gll"are- is applied.

-\"'V;'\.,).·'("~ ..
To use the ~~~pt:

Determine the outfall p1pe pressure line elevation - Gen. Instr. l

Calculate the velocity head in the outfall - Gen. Instr. 2.

Determil2.e· the d~,flection angle CC.
y'OI\.\,·...e. 4: . \C

Enter Gflart IVa-at the particular deflection angle to the proper

curve and read the appropriate loss coefficient.

5. Calculate hU - Gen. Instr. 7.

6. Add a positive hV to the elevation of the outfall. pressure line at

the manhole center to obtain the elevation of the upstream pipe pres

sure line at the same location.

•(

•

•
WME, June, 1979, II
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CHART &-1 MANHOLE ON THROUGH PIPEUNE AT JUNCTION OF A 90°
LATERAL PIPE

(FOR CONDITIONS OUTSIDE RANGE OF CHARTS &- G a CZ-H

PROVIDED Qu/Qo<o.n (From University of Missouri)

I

I : 1-1/ 1
1rl/y:v ~JL i Vi Ltv'Y.. 'f/1 1.1

! I /j ,-X ! IA ,! I VJ
1.2

Elevation Sketch

1.0
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•
(From University of Missouri)
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4IIt 7. The water surface elevation tn the manhole corresponds to that of the

upstream ptpe. \. a.~ \120.."51' <0")

8. Check to be sure the water surface elevation in the junction isfbelow

the top of the manhole so that overflow may not occur.

4IIt

• I-V-5-r'

4-:33
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Inlets. Inlets shall be designed according to the Storm Water Inl.ats

Chapter of this Manual.

Connector Pipes. Connector pipes shall be hydraulically designed • Con

nector pipes shall enter the main at manholes or in specially fabricated

ties. The minimum size for connector pipes, or any other sewer, shall be

12 inches.

Construction Drawings. Standards for construction drawings shall meet

the standards of the City of Stillwater.

Specifications

Complete specifications shall be furnished with all projec ts. Specifi

cations shall be in sufficient detail to guarantee first class material

and installation and shall meet the requirements of the City.

Easements

Unless parallelled by an existing utility easement, the minimum width of

easement for installation of a storm sewer should be the pipe diameter

plus 18 feet. With a parallel existing utility easement, the minimum

width of easement shall be the pipe diameter plus 9 feet.

DESIGN EXAMPLE

A hypothetical pipe layout is analyzed to demonstrate the method of ap

plication of the design charts and to provide an overview of the final
4/," 4.l?S

hydraulic design procedure. Figures IV ~ and ~v=r.r which show the sys-

tem is used in the design example.

Each inlet is numbered, e.g. 1-4, and the design rate of flow,into each

is shown. The accumulated design rate of flow in each pipeline between

inlets is given, together with the pipe diameter in inches and length in

feet from center to center of inlets. The pipe slope is not stated, but

appears on the profiles at the end of the design discussion. Manholes

are designated M.H.-l. The pipe arrangement at each manhole and inlet

is evident from the plan, and serves to identify the design chart which
,

is to be used for the determination of the corresponding pressure change

WME, June, 1979, II

IV=6)"

4-. ?:5



a= 9.5efs

Collector

I

\
\,

2.6efs

-12"~218' 2.6ets

2.6ets

50cfs

--
f

Ipets

15ets

I

IBets

2%
-deNin

L.,l_..-....,.__..Iyo-Il U'~ 73'" % _ t,t;". IB"eon.

Curb Line

24efs

Street grade
-- down 0.04%

~:r
rn

L
C
:::J
(I)

\.0
--..)

\.0

48''dia.

.-e

250'-30" 25.octs

46.0cfs36"- 250' 41.0ets

•

Existing 18"Conc.
a= 7.0cts

314'- 30" 27.0cts

a= 7.0cfs
S =00034

Existing 18" Cone.

."
G)
C
::u
I"f1

~J---,..1

I"f1
X»
~

Q C-0 ., :sr CD _

I"f1
o mI 0"

(f) III 0III _

-l ~:Ta _. CD
CD .,

::u 0. ~

~ - ie'
0 r

o :s::u o 0
Q -» - CD

Z -0.

0 e-
I"f1
(f)

IIIG5 -.,z CD

~
III

/-e



~

•
01 Collector

~ (((\

41.0cfs

t

~~---- ------

<Xl
N

~ (1) (1)>~00 ~
::t·o 0"1)

gg g~@ \ I (o - I ::u
~a ~~1"1\

~~ ~~ 1 \ \ \.to(1) ~ (l

8
~ II) 0
(1)::U. \ <Xlirii ~t- <Xl <Xl (J.I

(1) 2 m <Xl'"
.. (J\

f _~' \ \ExLiOlJ 24" C

3 Q:Mc~

! !!\\\, \~ ~~
;I ~~ ---------~
en
~:J
iii" ~
0.(1)

_0.
r
oo 0
e.=.

~

~

II
()5!



coefficients. These, in turn, are to be used to calculate the pressure

change in feet for each upstream pipe.

The system has been laid out during the preliminary design phase, with

all inlets located, the rate of inflow to each determined* and the pre

liminary pipeline sizes selected, and a preliminary profile established.

Proceeding from the outfall, the design moves to the next junc !:ion

upstream by adding the fric tion loss in the pipeline to the hydraulic

grade line at the outfall. The value obtained is the downstream

hydraulic grade line for the junction, which needs to be checked to

verify pressure conduit or open channel.

If it is less than 80 percent of depth in the downstream pipe and if the

normal pipel ine depth is less than 80 percent of the pipe vertical

height, then the downstream water surface is set at normal depth.

The design example in this Chapter illustrates how junction losses are

computed for both pressure condui ts and open channel flow and was de

veloped to illustrate at least one condition for each of the design

charts. The design then proceeds upstream from junction to junction.

A word of caution is needed to prevent the loss of signi ficant design

time. The designer should examine the conditions at each junction to

try to determine whether the main line, a lateral(s) or a nearby inlet

(usually with a high rate of inflow) is most likely to be more critical

in regard to whether or not the preceding pipeline design may need to

revised. The designer should keep in mind that the final hydraulic

design procedure is iterative, and adjustments will probably be necessary

*Note: Due to the differing times of concentration, the rate of inlet

flow for sizing of the storm sewer pipeline may be different

than the flow for sizing the inlets.

~..
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to raise or lower the hydrauli.c grade lines for the design runoff event.

The design ~s carried from junction to junction with an explanation of

the use of the applicable graph. Pipeline computations on each junction

computation sheet are for the preceding or downstream pipeline. It is

not recoannended that junction computation sheets as elaborate as those

included in this discussion be used. A simple hand sketch is usually

sufficient.

In the design example, the accuracy of the computations is shown to 0.01

feet; however, in actual design, the needed accuracy is usually suffi.

cient to 0.10 feet for hydraulic grade line computations. The pipeline

inverts are to be designed to 0.01 feet.

For the des ign example the pipel ine is assumed to be re inforced concrete

pipe without rubber gasket joints; therefore, the roughness fac tor "n"

was assumed to be 0.013. In the design example, it was assumed that the

inverts of the manholes and inverts were known, in many instances, due to

utility conflicts or due to the desire to control the hydraulic grade,

line, the depth of hydraulic structures may be varied during final hy

draulic align. A profile for each inlet connector pipe must be prepared

where conflicting utilities may exist to allow for optimum hydraulic

design.

The mainstem of the design example is shown in the profile,

a t the end 0 f the de sign examp le . The pro fi 1e inc 1ude s

crown and invert, manholes and inlets, energy grade 1ine

grade line.

EXAMPLE CALCULATIONS

Figure I-V"-~

the pipe 1ine

and hydraul ic

•
Manhole.No. M.H.-5 to Outlet

Preliminary surveys have shown that the tailwater elevation at the outlet

is 473.82 feet. The top of the 54-inch pipe u at elevation of 473.89

feet, and the outlet is' essentially submerged. The outfall exit loss of

WME I June, 1979, II



one velocity head should be added to the flowline elevation to establish _,",

the starting elevation of 474.13 feet. The friction loss in the pipe "'\"

from the outlet to Manhole No. M. H. -5 is added to this elevation to

establish the downstream pressure line at Manhole No. M.H.-5.

Manhole No. M.H.-5 ,... 11 ~
n.:l\'.1,(~""'· \..j

This manhole illustrates a junction to which Chart IV·~ applies. The use

of this chart is restricted to cases where the pipe centerlines are

parallel and not offset more than would permit the area of the smaller

pipe to fall entirely within that of the larger if projected across the

junction box along the, pipe axis. If grate flow enters the junction, the
\= WlI .... ,::A. .~

designer should use GRar~ IV-e.

Known quantities are the gutter elevation, the inlet bottom elevation,

the pipe flow rates and diameters, the inlet size, and the elevation of

the downstream pressure line at the junc tion center. From these data,

the velocity head of the outfall flow, the ratios DU/DO and A/DU
can be calculated. Next Ku is read from the chart and multiplied by

the velocity head in the outfall to obtain hU' the change of pressure.

The hU is subtrac ted (or added) to the out fall pressure line elevation

to obtain the elevation of the upstream in-line pipe pressure line to

which the water surface in the inlet corresponds. The clearance of the

water below the gutter is checked.

e(

•
WME, June, 1979, II
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MANHOLE NO. 5

475.08
474.11

Pressure Line

469.54

v;
KU2;

......I---+~""..,

Pressure Line- -- ---i,,-,""--P

4'x5' box

0=54"

Q =71.0
---I---~"

EXAMPLE STORM DRAIN DESIGN•

PLAN d. 'J A.'1
• I \ • \,'''''

FIGURE t't-t4 USE GHAR--T-W-e

ELEVATION

•
Item

Gutter Elevation

Inlet Bottom Elevation

Flow Rate QU
DU/DO
A/DU
Outfall Velocity Head V2

"2"g

M.H.-5

475.08

469,50

71.0

0.89

1.0

0.31

Downstream Pressure Elevation

~h~;~~iV~G: sq.-edged entrance to outfall, KU
Pressure Rise, KU x V2

"2"g

474.27

-0. SO

-0,16

•

Upstream Pressure Elevation

Water Surface Elevation

Distance Below Grate, ft.

Distance Above Invert, ft.

USHGL @Outlet = 474.13

474.11

474,11

1.29

4,61 Pressure
Condui t

WME, June, 1979, II



Pipeline Data:

Downstream:

Q = 71 cfs

Length = 105.3 ft.

'/)= 54 inches

s = 0.0010 ft./ft.

V = 4.46 fps.

V2
- = 0.31 ft.
2g

sf = 0.0013 ft./ft.

h f = 0.14 ft.

WME, June, 1979, II

Upstream:

Q = 71.0 cfs

'/J = 48"

,
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Manhole No. M.H.-4• ~ -;;: t-- ,- r2. f ......

This manhole is typical of roiJnd manholes to which Gh-arts-f-V-C' and .P/-H

Wapply. Calculations for the determina,t;.ion of the pressure changes at
~' ..;""

this manhole are presented in FigureI-¥-l-5".

Known data are the elevations of the top and bottom of the manhole, the

manhole diameter, the rates of flow in each pipe, the pipe diameters, and

the elevation of the downstream (outfall pipe) pressure line at the

branch point.

the chart factor

•

•

and the outfall velocity head may be calculated. The values of DL/DO
and

indicate that Char-ts IV-&- and IV-l:1 are applicab le in this case.

Ch<tt't I-V-S" (for square manholes) is used to obtain the pressure change

coefficient KL for the lateral pLpe even though Manhole No. M.H.-l

is a round manhole. First KL for a square manhole is read from the

lower graph 0 f the chart which may be reduced by 0.2 for the round

manhole in accordance with the table of Step (2) of the instructions for
~.. . -- ..

use of Cha.re-FI-e;- for round manholes at the junction of a 90 0 lateral

with a through' pipeline. The outfall pipe entrance is sharpedged in this

case, so no further reduction is made. The upper graph of the chart is

used to obtain the 'multiplying factor ML, then KL is obtained by

multiplying ~ by Mr,' Next KL is multiplied by the outfall

velocity head to obtain hL , the change in pressure (or pressure rise)

at the manhole. Finally, hL is added to the outfall pressure line

elevation to ob tain the elevation of the lateral pipe pressure line at

the branch point •

.
.. :- -.... -"1,'-

Chal;':t--F1-tt, for square or round manholes, is used to obtain the pressure

change coefficient Ku for both the upstream in-line pipe and. the water

WME, June, 1979, II J:V-7-3
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depth in the manhole. First I U _ for all flow from the lateral is
_~(;.,,\:,,' I

read from the lower graph of the .c.nar.t and is used without modificat ion

since the outfall entrance is square-edged in this case. Note that no

reduction is to be made for the round manhole cross section •
.

~\&;, .... C.

Next MU is read from the upper graph of the ~ and KU is obtained

by multiplying KU by MU• Then KU is multiplied by the velocity

head in the outfall to obtain hU' the change of pressure. Next, hU
is ad,ded to the outfall pressure line elevation to obtain the elevation

of the upstream in-line pipe pressure line at the branch point. The

water surface elevation in the manhole is the same as the pressure line

for the in-line pipe. Finally, the clearance of the water surface below

the top of the manhole is checked and found to be ample.

Note that for a square-edged entrance to the outfall pipe, values of

A/DU less than 1 do not appreciably reduce the values of KU shown for

A/DU=l. For an enlargement of pipe size, as in this case, the pressure

change across the junction is negative, even though there is a loss in

total energy.

Manhole No. M.H.-3 "- ., I

\- ; ;. I ~'i :..0

This manhole is typical of junctions to which Oba~ applies.

Known quantities are the gutter elevations, the manhole bottom elevation,

the flow rate, the pipe diameter, the deflection angle and characteris

tics, and the elevation of the downstream pressure line. From these

data, the velocity head of tQ~ outfall flow may be determined. The loss
.. \~. 4-, ,">

coefficient K is read from Cha-rt--IV-J" and is multiplied by the outfall

velocity head to ob tain the rise of the water surface above the down

stream pressure line elevation. This corresponds to the upstream pres

sure iine elevation. The clearance of the water surface below the gutter

should be checked.

,

•...

(

Known quantities are the gutter elevation, the inlet bottom elevation,

the pipe inflow rates, the outfall flow rate, the pipe diameters, and the

Manhole No. M.H.-2.

~..··:r-applies .

WME, June, 1979, II

- ~ ~ ,c:::..
\,rl\ .. ,. t l~~

This manhole illustrates a junction to which 6~
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• EXAMPLE STORM DRAIN DESIGN MANHOLE NO.4
/

47Ei.OO

Do
"470.15

00=71.0

Entrance to downstream
pipe is rounded

Do=48"

D =30"
Line MH-I-MH-2

01.=25.0

from MH-6

PLAN .<l.. ~ -., ''''"" > A .~ ELEVATION
l <:'-v t' ,'..\ I, ~} \' \ - I ' \

FIGURE IV IS-USE blo1AR+-tV-&a H .~ A..., ....
I '

Q =460

Item M.H. -4

'.
Top of M.H. Elevation
Bottom of M.H. Elevation
Lateral Flow QL cfs

Upstream In-Line Flow QU cfs

Outfall Flow QOcfs

Lateral Pipe Ratio DL/DO
In-Line Pipe Ratio DU/DO
Chart Factor QU/QO x DO/DU
Manhole Diameter Bin.
M.H. Size Ratio B/DO
Outfall Velocity Head V0

2/2gft.

Downstream Pressure Elevation

Lateral Pressure Rise Coefficient (sq. edge entr.)
Chat~ !V~G KL for sq. edged M.H.

. ...... K
L

for rd. edged M.H. (less 0.2)*
Cha-~ML
f,.-- .":: KL = KL x ML

476.00
470.l5

25.0

46.0

71.0

0.63

0.88

0.74

48.00
1.00
0.50

475.08

0.93
0.75
0.61
0.57

•
*The use of rounded entrance from manhole to outlet pipe is usually not

economically justified when V0
2/2g < 1.0 •

-IV-:--7S'

WME, June, 1979, II



••(

flow,. the
~ .~, It -'_..~
. C1+aE=ts.

M.H.-4

1.86
0.45
0.84

0.28
475.36

Lateral Pressure Rise, KL x V0
2/2g

Lateral Upstream Pressure Elevation
Upstream Pipe Pressure Rise Coefficients

~~art ~V H KU for sq. or rd. M.H.
""3,,ve..4-· ,4 MU _

KU = KU x MU

Item

elevation of the downstream (outfall pipe) pressure line at the inlet

center. From these data, the velocity head of the outfall

~at.ios DL/~O' DU/DO' and Qu/Qo can be calculated.
c::.;.,: ~... ..,;.•. ~...
iV Coo and l-V-if should be used if the size and flow factors are within

~ ~~'.4 (:...4-. tS
their range. Ch.;:lr1:-.-!rl"l,...·I- should ,not be used for DL/DO < 0.6 if other

• • \="\o.,\........~ 4-. \5 .
solutl.ons are posslble. Enter Chin t IV I at the ratl.O DU/DO and read

KU (also equal KL) at the curve or interpolated curve for QU/QO.

If the factor (Qu/QO x DO/DU) was found t~~ be grea~er than 1.00
~lu'-\re.s: 4-., ~ 4. A

when checking the applicability of Cha't'ts rl G and ff-H" KU will. be
-+7a \-\ 'r e.::;

negative in sign. This provides a check on proper use of the cll'a!'ts.

Neither manhole shape nor size nor relative size of the lateral pipe will
F\OI.... ,,:) 4-.,5

modify the coefficients of Cha!'t~HT-i. Next, KU is multiplied by the

outfall velocity head to obtain hU' the change of outfall velocity head

to obtain hU' the change of pressure at the manhole. Finally, hU or

(hL) is subtrac ted or added to the outfall pressure line elevation to

obtain the elevation of the upstream in-line pipe pressure at the manhole

center. The lateral pipe pressure line and water surface elevation will

correspond to the upstream in-line pipe pressure line elevation.

Upstream:
Q = 46.0 cfs

In-Line Upstream Pressure Elevation
Water Surface Elevation
Clearance, Water Below Top ft.
Distance Above Invert, ft.

USHGL @M.H.-5 = 474.11
Pipeline Data:

Downstream:
Q = 71.0 cfs
Length = 405 ft.
f/J = 48"
s = 0.0015 ft./ft.
V = 5.65 fps
V2

2g = 0.50
Sf = 0.0024 ft./ft.
h f = 0.97

Lateral:
Q = 2 cfs

475.50
475.50

0.50
5.35 Pressure

Conduit

•* This value will be used later in the computations to start the lateral

pipe computations from M.H.-4 to M.H. -6

WME, June, 1979, II



• EXAMPLE STORM DRAIN DESIGN

48"dia. manhole

MANHOLE NO. 3

/'" 478.77

PLAN

Deflector

470.53
.. \. ~.. ~\a\Ay~4- ·Il.o ELEVATION

FIGURE -tV-'16 USE 6HAR=F tit=J

475.76

M.H.-3

•

•

Item
Gutter Elevation

Manhole Bottom Elevation

Upstream = Downstream Flow cfs

Upstream Pipe Diameter in.

Downstream Pipe Diameter in.

Outfall Velocity Head V~/2g ft.

DU/DO
(This implies that there is no contraction or

expansion headloss)

Deflection Angle
Downstream Pressure Elevation

-:: ~'-). (~

Cfi8re-I~, K (with Deflector)

Upstream Press~re Rise = K x V~/2g

Upstream Pressure Elevation, W.S.E.

Clearance, Water Below Top ft.

Distance Above Invert, ft.

USHGL @MH-4 = 475.50

478.77

470.53

46.0

42

42

0.36

1.0

30 0

475.71

0.15

0.05
475.76

3.01
5.23 Pressure Conduit

WME, June, 1979, II



Pipeline Data:

Downstream:

Q • 46.0 cfs

Length a 100.0 ft.

~ • 42"
S a 0.0028 ft./ft.
V"a 4.78 fps

V2/2g • 0.35 ft.

Sf • 0.0021 ft./ft.

h f • 0.21

WHE, June, 1979, II

Upstream:

Q = 46.0 cfs

fJ = 42"

..pf-78

e
(

e



• EXAMPLE STORM DRAIN DESIGN MANHOLE NO. 2

480.21

476.26

Du
472.47

v;
Ku 2

9

Pressure Line---

01.=5.0

D =12"
I.

Q =41.0
.....u...--t---f---- ....---t---~~-

M.H.-2

"j... • ~,o ...>J("_L . . :: ELEVATION
FIGUREI""'l?' USE CI-fART flt- I

•
PLAN

Item

Top of Manhole Elevation
Bottom of Manhole Elevation
Lateral Flow QL cfs
Upstream In-line Flow QU cfs
Outfall Flow QO cfs
Flow Ratio QU/QO
Lateral Pipe Ratio DL/DO
In-Line Pipe Ratio DU/DO
Outfall Velocity Head V0

2/2g ft.
Factor QU/QO x DO/DU
Downstream Pressure Elevation
Assume Square-edged Entrance, Chart IV-I

Chart IV-K; KU and KL
Upstream Pressure Rise - 0.18 x 0.35 ft.
Upstream Pressu~e Elevation and WSE
Clearance, Water Below Top, ft.
Distance Above Invert ft.
USHGL @MH-3 = 475.76 ft.

480.21
471.97

5.0
41.0
46.0

0.89 > 0.7
0.29 < 0.6

0.86
0.35
1.04

476.26

-0.18
-0.06

476.20
3.85
4.23

•
Pipeline Data:

Downstream:
Q = 46.0 cfs
Leng th = 240 I

~ = 42"
s = 0.0060 ft./ft.
V=4·.78 fps
V2 /2g = 0.35 ft.
sf = 0.0021 ft./ft.
h f = 0.50 ft.

Upstream
Q = 41.0 cfs
Q= 36"

Lateral:
Q = 5.0 cfs
Q = 12"

WME June 1979 II
.-4.e2



A check should be made to ensure that the water surface is above the pipe

crowns to justify using these charts and that it is suffLciently below

the top of the manhole to indicate safety from overflow.

Deflectors in the manhole are not effective in the ranges covered by
';"~o'J.l'"e.4:-, .\~

Chat t IV f; and, there fore, need no t be used.

Inlet I-8 is similar to Inlets I-l and I-7 and is not analyzed in this

example.

~-

Manhole No. M.H.-l

This manhole has four laterals and has been included to illustrate the

use of the design charts for a condition not specifically covered by the

charts. The fo~~wing parameters are needed to determine which charts to
.• '='

use (see Tab le p;-r):

Qu = 0.17 < 0.3 ,
QO

r- ...~.,", 4. ~. \. .1 \"''\'. <:2'.1. \ .." .' \' ...... -.
Gharts IV E or IV-F are to be used and the upstream in-line

analyzed as grate flow. For this analysis, it is assumed

laterals are in-line.

plpe

that

is

the ...
(

For this manhole, assuming in-line laterals, the known data are the gut

ter elevation, the elevation of the inlet bottom, the lateral pipe and

the grate inflow rates, their total--the outfall flow rate, the pipe

diameters, and the elevation of the downstream (outfall pipe) pressure

line. From the lateral pipe flow rates and sizes the velocity in each of

the laterals is determined, and the two laterals are identified as higher

velocity and lower velocity. In this case, the existing line has the

higher-velocity. From the known data and the above determination, the

ratios QG/QO' QHV/QO' QLV/QO' DHV/DO' DLV/DO'

and DHV/DLV are calculated. Next the velocity head of the out-

fall flow is calculated. Then the elevation of the downstream pressure

line is tabulated for con':.e!1ience ,in adding the pressure rise, which is
t '."" .... ;~ 4,,\

now calculated by use of mtert IVorJ!:. The pressure factors Hand L are

WME, June, 1979, II
•
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•

•

•

~'. ':\"\1 ~

read from the dnh CS, and iderttiHed by the lateral to which the D and Q

of the two graphs apply. The difference between Hand L 0.7 - 0.5 =
3.2) is the pressure change coefficient KR = KLV for existing lower

velocity lateral, which is also to be applied to the upstream existing

pipe in..;.line with the outlet pipe. The constant coefficient KL =
Khv is 1.8 because grate flow is involved. Each coefficient is mul

tiplied by the velocity head of the outfall flow to obtain the pressure

changes hLV and hHV for the laterals. The pressure change is

always POSl tive, that is, producing a rise in pressure upstream, for

j unc tions 0 f this type. Thus hLV ' the pressure rise, is added to

the elevation of the outfall pipe (downstream) pressure line to obtain

the elevation of the pressure line in the lower velocity lateral at the

branch point. Similarly, hav is used to obtain the elevation of the

pressure line of the higher-velocity flow in the existing line. The

water surface elevation in the inlet corresponds to the latter pressure

line. Finally, the clearance of the water surface below the gutter is

checked.

7" >? ~

Inlet No.6. This inlet illustrates inlets to which Gha-r-e-rV-D-~pplies.

Inlet No. 6 involves the basic through pipeline and lateral pipe

arrangement, and also has flow through a top grate... · It .mi~ht appear that
:.~ .~;' ~"-';

Inlet No. 6 does not meet the requirements for ~t-:I--V-J:), in that the

in-line flow is through the length of the box rather than across its

short dimension; however, this deviation from the more usual arrangement

(see Inlet No.3) is not sufficient to effect a significant change in the

hydraulic performance •

WME, June, 1979, II



Water Surface

MANHOLE NO. I

473.83

Pressure\
Line -l.

K V; .-T".=io&""""-...j.
u 2~ 1_

<?!-! ...

-27.0cfs

9 Line

30"

EXAMPLE STORM DRAIN DESIGN
DIS"u=

7.0cfs

(ExiS'"
R=18" °L=

-t-. t .'.

.Ods

00 =36"
'-... Q =41.0cfs

7

o

PLAN .-\ -."':i ,;:".:.' ...ro:.;\ ~EVATION
--t t ~ -- • "-.. -,., .\

FIGURE -p;j-f8 USE CHl\~T IV-e

Item M.H.-l

Gutter Elevation

Inlet Bottom Elevation

Flow Ratios QG/Qo

QHv/Qo

QLv/QO
Pipe Size Ratios DLV/DO

DHV/DO

DHV/DLV
Velocity Head Vo2/2g, ft.
Downstream Pressure Elevation
fh~'~t tv:':'&-: Factor H for exist. lat.

Factor L for exist. lat.

KL = for new lat.

KR = H-L, for lat.
Pressure Rise exist. Lat. 3.2 x 0.52

New 30" Lat. 1. 8 x 0.52

Upstream Pressure Elevation

Exist Lateral & in-line

New 30"

Water Surface Elevation in Inlet

Clearance, Gutter to Water, ft.

Distance Above Invert (ck 30")

USHGL @M.H.-2 = 476.2

, 481.62

473.32

0.17

0.66

0.17

0.50

0.83

0.52
477.15

3.7

0.5

1.8

3.2
1.66

0.94

478.81

478.09

478.09

3.53

4.77 Pressure Conduit ••



-

Woter Surface

Pressurp. Lin£-:.- -- .-

476.30

481.00

-- _.- "- _.-

477.80

479.44

06 =2.6

INLET NO.6

Pressure
Line-_.

00=27.0-

Qu

EXAMPLE STORM DRAIN DESIGN
o 26=

- fo- -DL =12"

Du=27" Do =3IJ"

~ . QG =2.6 I t

", .- +
~- .

Ou=21.8--

•

•

•

PLAN

Item

Gutter Elevation

Inlet Bottom Elevation

Grate Inflow, QG cfs

Upstream In-Line Flow, QU
Left Lateral Flow, QL
Outfall Flow, QO cfs

Outfall Pipe Diameter DO in

Outfall Velocity Head v02/2g ft.

Flow Ratios QU/QO
QG/Qo

Pipe Size Ratio DU/DO
Downstream Pressure Elevation

Pressure Elevation Above Bottom ft.

Estimated diDO

Pressure Rise Coefficient for U.S. main

and Lateral

Chart IV-D: KU = 0.45 + 0.10

Pressure Rise 0.55 x V0
2/2g ft.

Upstream Pressure Line Flevation for Main and

Lateral and Water Surface Elevation

Check diDO

Clearance, Gutter to Water ft.

Inlet 6

481.00

476.30

2.6

21.8

2.6

27.0

30.0

0.47

0.81

0.10

0.90

479.44

3.14

1.4

0.55

0.26

479.70

1.36

1.30

ELEVATION

C
o.

.~

USHGL @M.H.-l = 478.09



Pipeline Data:

Downstream:

Q = 41.0 cfs

Length = 250 ft.

o = 36 11

s = 0.0060 ft./ft.

V = 5.80 fps

v2
= 0.52 ft.

2g
.. ,sf = 0.0038 ft./ft .

._ ~f = 0.95 ft.

WME, June, 1979, II

Left Lateral: R.ight Lateral:

Q = 27.0 cfs Q = 7.0 cfs

'/J = 30" '/J = 18"

V = 5.5 fps V = 3.96 fps

Hj.gh Velocity Low Velocity

rV-!3':3-

•

•

•



Inlet No.5• F'tCl'-U r:. ~. \ \

This inlet is a typical inlet to which the design methods of Shalt: IV l!:

apply. The calculations of pressure changes at this inlet with in-line

opposed laterals are presented in the left-hand column of the tabulation
~,~:; -

in Figure ·1''1-2&.

For this inlet with in-line laterals, the known data are the gutter ele

vation, the elevation of the inlet bottom, the lateral pipe and the grate

inflow rates, their total--the outfall flow rate, the pipe diameters, and

the elevation of the downstrram (outfall pipe) pressure line. From the

lateral pipe flow rates and sizes the velocity in each of the laterals is

determined, and the two laterals are identified as higher-velocity and

lower-velocity. In this case, the existing line has the higher-velocity.

From the known data and the above determination, the ratios QG/Qo,

tabulated for convenience' in . adding the
F~;"'\'-{J ,'v'_..... ,:

calculated by use of eRaFE 1'J~. The

downstream pressure line is

pressure ri se , which 1 snow

Next the veloc i ty
the elevation of the

andDLV/Do,DaviDa,
are calculated.

calculated. Then

QLv/Qo,
(1.0 ~n this case)
the outfall flow 1S

QHv/Qo,

DHV/Dlv
head of,
pressure factors Hand L are read from the chart, and identified by the

lateral to which the D and Q of the two graphs apply. The difference

between Hand L 0.7 - 0.5 = 3.2) is the pressure change coefficient

KR = KLV for the new lateral to inlet 3, the lower-velocity

lateral. The constant coefficient KL = KHV ~s 1.8 because grate

flow is involved. Each coefficient ~s multiplied by the velocity head of

the out fall flow to ob ta in the pressure chang'es hLV
the laterals. The pressure change is always positive, that

and hHV for
~S, producing

a rise in pressure upstream, for inlets of this type. Thus hLV , the

pressure rise, is added to the elevation of the outfall pipe (downstream)

•,j
pressure line to obtain the elevation of the pressure line in the

lower-velocity lateral at the branch point. Similarly, hHV ~s used

to obtain the elevation of the pressure line of the higher-velocity flow

in the existing 1ine. The water surface elevation in the inlet

corresponds to the latter pressure line. Finally, the clearance of the

water surface below the gutter is checked. i
\



Pipeline Data:

Downstream: Upstream: Lateral:

Q = 27.0 cfs Q = 21.8 cfs Q = 2.6 cfs

Length = 314 ft. fJ = 27" fJ = 12"

0 = 30" V = 5.48 fps V = 3.31 fps

s = 0.0079 ft./ft.

V = 5.5 fps
2t g =0.47 ft.

Sf = 0.0043 ft./ft.

h f .=1.35

•

•

•
WME, June, 1979, II I-V-8-5' 4.4-5



--e EXAMPLE STORM DRAIN DESIGN INLET NO.5

Existing Line

o -27"0-

..
I

9.5cfs
Line to Inlet 3

Existing Line

0",=18" Q..,=18"

Irwert in =477.64

...
I

7.3cfs

QG=5.0cfs -

Line to Inlet 3
Existing OF=18"
Line

00=2r.Scfs ----
Line to Inlet 6

IN-LINE LATERALS OFFSET LATERALS OFFSET LATERALS
NEW LINE =FAR L~TERAL EX~ST)NG UNE=FAR LATERAL

FIGURE ,:-e?;.~; USE G~1=-~-E:8=F '.~

Some pipe
a discharge

Line to Inlet 3

0,,=18" OL=IS"

~~~i'~~

In-Line New Line Exist. Linee Item Laterals Far Lat. Far Lat.
Gutter Elevation 481. 50 481.50 . 481.50

Inlet Bottom Elevation 476.50 476.50 476.50

Flow Ratios QG/QO 0.23 0.23 0.23

QF/QO 0.33 0.44

QN/QO 0.44 0.33

QHV/QO 0.44

QLV/QO 0.33

Pipe Size Ratios DLV/DO = DHV/DO 0.67

DF/DO = DN/DO 0.67 0.67

Factor QF/QO x DO/DF 0.50 0.66

QN/QO x DO/DN 0.66 0.50

Velocity Head V~/2g ft. 0.47 0.47

Downstream Pressure Elevation 480.04 480.04 480.04

Chart IV-E: Factor H for exist. lat. 3.0

Factor L for new lat • . 0.6

• KR = H-L, new lat. 2.4

KL exist. lat. 1..8

Pressure Rise new lat. to Inlet 3

2.4 x 0.47 1.13

Exist lat. l.8x 0.47 0.85 -
~.85fl



480.70

480.93

480.93

0.56

4.43 Pressure

Exist. Line

Offset

480.98

480.70

4~0.98

0.52

4.48

3-5

New Lat. Far Lat.

KF = 2.0 KN = 1.4
KN = 1.4 KF = 1.9

0.94

0.66

0.66

0.89

481.17

480.89

480.89

0.61

4.39

In-Line
Item. Laterals

;="':tt'l:'''_'', :r:;...
GRapt IV ~ K for 3-5

K for exist.
Pressure Rise, new lat. 2.0 x 0.47
Pressure Rise, exist., 1.4 x 0.47

"P.ressure Rise, new lat. 1.4 x 0.47
'\

Pressure Rise, exist., 1.9 x 0.47
Upstream Pressure Elevation

New Line to Inlet 3
Existing lateral

Water Surface Elevation in Inlet

Clearance, gutter to water, ft.,

Depth of Water in Inlet, ft.

USHGL @Inlet I-6 ~ 479.70

Pipeline Data:

Downstream:

Q = 21.8 cfs

Length = 67.0 ft.

¢; = 27 inches

s = 0.0030 ft./ft.

V = 5.48 fps
2

V =0.47 ft.
2g
Sf = 0.0050 ft./ft.

hf = 0.34 ft.

New Line To Inlet 3:

Q = 7.3 cfs
¢ = 18 inches

V = 4.13 fps

Conduit

Existing Line:

Q = 9.5 cfs
¢ = 18 inches

V = 5.38 fps

•
WHE, June, 1979, II
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The alternate offset lateral arrangement, with the existing lines in the

far POSl. tlon, is examined in the right-hand column 0 f the tabulations.

The position for use of Chart IV-F is similar to that shown in the center

column. In this case, the existing line is found to have the higher

pressure line elevation. Although the pressure difference at Inlet No.5

is not large, it is significant in this case because the existing

pipeline has the larger discharge rate and consequently the greater

friction slope for its flow. Since the pressure line in this pipe is

steeper in this example than in the new pipe to Inlet 3, it is advisable

to select the arrangement at the inlet which places the existing pipe in

the -near oosition;. that is, the design shown by the center column in
4,..t..~ .

Figure IV ~O.

It is worthy to note that the water surface elevation in Inlet No. 5 is

for all intents and purposes, at the level of the gutter. This provides

an "automatic valve" in the system.

This fact will prevent extra runoff entering the system and causing un

foreseen problems at other locations in the pipe network.

Inlet No.3

Known data in this case. are the gutter elevation, the inlet bottom

elevation, the pipe and grate inflow rates, the out fall flow rate, the

pipe diameters, and the elevation of the downstream (outfall pipe)

pressure line at the branch point. From these data, the velocity head of

the outfall flow, the ratios DUIDO' QU/QO and QG/QO' and the

distance from the downstream pressure line to the inlet bottom may be

calculated. Next diDO is estimated, including an allowance for hue

Next KU is obtained from Chart IV-D, using a base value from the lower

graph and adding an-increment from the upper graph for diDO = 2. The

total for K is multiplied by the velocity head -in the outfall to obtain

h U' the change of pressure. Then hU is added to the outfall pressure

line elevation to obtain the elevation of the upstream in-line plpe

pressure line at· the branch point. The pressure line of the lateral pipe

and the water surface in the inlet will correspond 1:0 this upstream

in-line pipe pressure elevation. Finally diDO is recomputed to check

the estimate made initially, and the clearance of the water surface below

the gutter is checked.

WHE, June, 1979, II



An al ternate arrangement of the lateral pLpes at Inlet No. 5 can be ef- •

fected to. pro~uc~ an inlet ~ith offset opposed laterals of the type to
\..A,.t__ """1-' l~

which ChaTt·_..IV-F will apply. Two different arrangements are possible,

each placing one of the l?tet:~ls in the far position. The pLpe arrange

ment is shown in Figure ~v.:..:.~ and the calculations of pressure changes

are shown in the center and right-hand columns of the tabulation in the

Figure.

/ ;

With either placement of the laterals in the offset arrangement, the

known data are the gutter and inlet bottom elevations, the flow rates,

pipe diameters, and elevation of the downs tream pressure line, all of

which are the same as for the in-line lateral arrangement. From these

data and using the designation of the laterals as far and ne1ar In posi

tion, the ratios QG/QO,QF/QO' QN/QO' DF/DO' and DN/DO
are calculated. Then the fac tors composed of the flow ratio times the

reciprocal of the pipe size ratio are calculated. Next the velocity head

of the out fall flow is calculated and the downs tream pressure elevation

is entered in the tabulations.

......
•

Cha-i'-t:"··IV-F' is used to determine the pressure change coeffic ients, working

with each lateral arrangement separately to avoid confusion. Considering

the lateral to Inlet 3 as the far lateral, as shown in the center column

of the tabulations) KF for the new lateral LS found to be 2. o and KN
for the existing line is found to be 1.4. Each coefficient is multiplied

by the outfall velocity head to obtain the pressure rises hF and h N
for the corresponding laterals. Then each pressure rise is added to the

elevation of the downstream (outfall pipe) pressure line to obtain the

elevation of each lateral pipe pressure line at its branch point. The

water surface elevation in the inlet will correspond to the far lateral

pressure line; that is, the new lateral pipe in this case. Finally, the

clearance of the water surface elevation below the gutter is checked. It

will be noted that the pressure line of the existing line in the near

position is at a 10weF elevati6n than that of the lateral to Inlet 3 in

the far position. •

WME, June, 1979, II



•• EXAMPLE STORM DRAIN DESIGN INLET NO.:3

483.94
I Q

G

Pressure Line--

Pressure Conduit

479.19
Line to Inlet 5

482.47

2.18

1.47

3.28

0.58

0.21

0.83

482.12

2.93

2.1

483.94

479.19

1.5

4.2

1.6

7.3

18
0,26

-,._.....Qo

1---=7~..Iiiiiiilii:liiii:id

Inlet 3

1.35

0.35

for Main and Lateral

ft.

ft.

7.3

D~ in.
Vo/2g ft.

tou
Line to Inlet

479.44
479.69

..,:- .:;...:': F(c'..\'~ .;L.\C ELEVATION
FIGUREIV--21' USE Gi-fAfirf rv=cr

Gft.R+-~D KU = 1. 07 + 0.28

Pressure Rise 1.35 V~/2g ft.

Upstream Pressure Line Elevation

and Water Surface Elevation

Check diDO

Clearance, gutter to water

Depth of Water in Inlet

Estimated diDO

Pressure Rise Coefficient for U.S. Main and Lateral
~. ~ .• ',-:'" I -:

Pressure Elevation Above Bottom

Gutter Elevation

Item

Inlet Bottom Elevation

Grate Inflow QG cfs

Upstream In-line Flow QR
Right Lateral Flow QR

Outfall Flow QO cfs

Outfall Pipe Diameter

Outfall Velocity Head

Flow Ratios QU/QO

QG/QO
Pipe Size Ratio DU/DO
Downstream Pressure Elevation

Line tl Inlet 2 QG=1.5 Line tr Inlet 5

\
Qu=4.2 - +

0 0=
I

tOu=15" tOo=18'

Line to Inlet~ f-OR=12"

•

•



USHGL @ Inlet 5 = 480.98

Pipeline Data:

Downstream:

Q=7.3cfs

Length 238 ft

~ = 18 inctles

s = .0065 ft./ft.

V = 4.13 fps
> '2tg =0.26 ft.

Sf = 0.0048 ft./ft.

hf = 1.14 ft.

'WME, June, 1979, II

Upstream: Lateral:

Q = 4.2 c fs Q = 1.6 cfs

'/J = 15 inches '/J = 12 inches

V - 3.42 fps V = 2.04 fps

•



• EXAMPLE STORM DRAIN DESIGN INLET NO.2

480.01

Water Surface
483.15

484.69

I'---l-- _ Pressure Line--

480.25
..

Pressure Line
-=-===1..;.-.....jI:~i-""

\J <;

Line to II!!n~le!.til r---"
""WOl"iiiiiiiiiiiii"'~l-""iiiiiiiiiiiil~]J-=L::.:..in:.:::e.to Inlet 2.

~

- -,-----..-1---,-

+00 =15"
Line to Inlet 2

II.
Ou=12 I

Line to Inlet I

PLAN ELEVATION

Item Inlet 2

QG cfs - - .

• QU cfs

QO cfs
D -. in.0

Outfall Velocity Head V~/2g ft.

Downstream Pressure Elevation

•

Gutter Elevation

Inlet Bottom Elevation

Pipe Size Ratio DU/DO
Flow Ratio QU/QO
Pressure Elevation Above Bottom

Estimated diDO

Chart IV-C:. Ku:=. KG

Pressure Rise KG x V6/2g ft.

Upstream Pressure Line and

Water Surface Elevation
Check diDO

Clearance, Gutter to Water ft.

Depth to Water to Inlet, ft.

USHGL @Inlet 3 = 482.47

ft.

484.69

480.01

1.8

2.4

4.2

15

0.18

483.15

0.80

0.57

3.14

2.7

1.40

0.25

483.40
2.72

1.29

3.39 Pressure
Conduit

WME, June, 1979, II



I'n 1e t No.2 '.1 •
Thi~ inlet illustrates an inlet to which ~3r~tv=C applies.

Known quantities are the gutter elevation, the inlet bottom elevation,

the pipe and grate inflow rates, the outfall flow rate, the pipe diame

ters, and the elevation of the downstream (outfall pipe) pressure line at

the inlet center. From the~e data the velocity head of the outfall flow,

the ratios DU/DO and QU/QO' and the distance fro~ the downstream

pressure line to the inlet bottom may be calculated. Next diDO is

estimated, including an allowance for hue Next KU is read from Chart

IV-C (the lower graph in this case) and multiplied by the velocity head

1n the outfall to obtain hU' the change or pressure. Then hU 1S

added to the outfall pressure line elevation to obtain the elevation of

the upstream in-line p1pe pressure line, to which the water surface in

the inlet corresponds. Finally diDO is recomputed to check the esti

mate made initially, and the clearance of the water surface below the

gutter is checked.

Inlet No.1

This inlet illustrates inlets to which Ch-ar·t---I--V"'"1t' applies for box-side

outfall. The determination 'of the water surface elevation in the inlet

proceeds in the same manner in either case.

•

Known quantities are the gutter elevation, the inlet bottom elevation,

the inflow rate, the out fall p1pe diameter, and the elevat ion a f the

downstream (outfall pipe) pressure line. From these dat.a, the velocity

head of the outfall flow and the depth from the downstream pressure line

to the inlet bottom may be calculated. Then d/D_Q is ~s~imated, including
i ',-"'''' ; -:. "- ,

an allowance of hG. Then KG 1S read from Gnart n-r and multiplied

by the velocity head 1n the outfall to obtain hG, the rise of the water

surface elevation above the pressure line. Finally hG is added to the

outfall pressure line elevation to obtain the water surface elevation,

diDO is recomputed to determine the accuracy of the es t imate made ini- •

t ially, and the clearance 0 f the water sur face be low the gut ter 1S

checked.

WXE, June, 1979, II



• EXAMPLE STORM DRAIN DESIGN INLET NO. I

er Surface

- Pressure Line

All flow enters through grate
G

v~ .
[KG 2

9
Wat

i-
f .... t

-:1
---- c -

r

o

[
o

..l. -'~ ELEVATION -
,\">..~ ~-,..-,

FIGURE ..w-2--3 USE €lltmT ~ ~ '~\.J.( 1'- -T \
"-

PLAN

•Outfall pipe from inlet
L.-_..J box side

5' X 2' box wI top grate
,..--....

Item Inlet 1

•
Gutter Elevation

Inlet Bottom Elevation

QG = QO c fs

DO in.
Outfall Velocity Head V6 /2g ft.

Downstream Pressure Elevation

Pressure Elevation above Bottom Ft.

Estimated dIDO

Water Depth Over Pressure Line
Chart IV-A, KG

. 21R~se, KG x Vo 2g ft.

Water Surface Elevation

Check diDO

Clearance, Gutter to Water ft.

Depth of Water in Inlet ft.

486.28

482.00

2.4

12

0.14

484.34

2.34

2.8

3.3

0.46

484.80

2.80

1.48

2.80 Pressure
Conduit

(
\

USHGL @Inlet 2 = 483.40

• IV-9"6

WME, June, 1979, II
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Pipeline Data:

Downstream:

Q = 4.2 cfs

Length = 162 ft.

o = 15 inches

s-= .0035 ft./ft.

V = 3.42 fps

V2
2g = 0.18 ft.

sf = 0.0042 ft./ft.

h f = 0.68 ft.

WME, June, 1979, II

Upstream

Q = 2.4 cfs

(J = 12 ft.

V = 3.06 fps

•

•

•



Manhole No. M.H.-6

•

•

Inlet No.1 completes the main line computations. It is now necessary to

compute the hydraulic grade line in the laterals. 'Some inlets which are

repetative in procedure have not been included in the example

computations.

7!;.-~,~~(~4 t \ ~
This type of manhole is a typical round manhole to which -GftS?lel: !'V-a
applies. Calculations for determination' of the pressure change as this

4-.';'~
manhole are presented in Figure i¥ 2~

Known data are the elevations of the top and bottom (flowline) of the

manhole, the manhole diameter, the rate of flow, the two pipe diameters

(equal in this case), and the elevation of the downstream (outfall pipe)

pressure line at the branch point.

From these data the ratios DL/DO and B/DO' and the velocity he,!-d of

the outfall flow may be calculated .
,

~~~~ ..l·r·~_ 4;~;:'"

G~;rt I~ (for square manholes) is used to ob tain the pressure change

coefficient KL even though Manhole No. M.H.-6 l.S round (where QL =:

QO' KL = KL)· First KL for a square manhole is read from the

chart at DL/DO = 1.00· and B/DO = 1.33, and this value is reduced by

0.1 for the round manhole in accordance with the table contained in Step
r'~'-" .I"~". \ ~

(2) of the instructions for the use of Gftari: P; G for round manholes.

The outfall pipe entrance is sharp-edged in this case, so no further

reduction is made. Next KL is mul tiplied by the out fall veloci ty

head to obtain hL , the change of pressure (or pressure rise) at the

manhole. Finally hL is added to the outfall pressure line elevation to

obtain the elevation of the lateral pipe pressure line at the branch

point, or manhole center •

(

.__ ....~ ..:1.
~ , ..~1 .. f'~ . ",. \

~ loS used to obtain the water-surface elevation in the manhole.

•
In this case of example Manhole No. M.H.-6, the

upstream in-line pipe with no flow (QL/QO = 1.00)
4-.\:-
~ to be 1. 73. This coefficient will define the

coefficient KU_an'
~. ,~ j., ...'

is found from ~

depth 0 f water above

. the downstream pressure line for no in-line flow, whether or not the

in-line pipe is actually present. Then ~ loS multiplied by the

WHE, June, 1979, II
4,C:SO

DJ..::98



(

..... . Pipeline Data:

Q=2.4cfs

Length = 208 ft.

r/J = 12 inches

s = •0084 ft. / ft.

V = 3.06 fps

V2 = 0.14 ft.
2g

Sf = 0.0045 ft./ft.

h f = 0.94 ft.

WME, June, 1979, II

•

•

•



/-e EXAMPLE STORM DRAIN DESIGN MANHOLE NO.6

0:30"
I \.

Deflector

MH-7

Line to MH-4

Water Surface
475.95

~ssure Line--

PLAN ~ .~~'.' I ELEVATION

IV-99
USHGL @M.H. -4 = 475.36

Pressure Rise 1.4 x 0.40 ft.

Upstream Pressure Line Elevation

~';ater Surface
·~·~"l.,l - ..~

Chal;.t-r.V-H" KU
Water Depth Over Outfall Pressure - 1.73 x 0.40 ft.

• Water Surface Elevation

Clearance, water Below Top ft.
Dep~h of Water in Manhole ft.

•

FIGURE L\L...24 USE ci-LQ[f'{T 1"1=&

Item

Top of M. H. elevation

Bott9m ~.H. Elevation

Lateral Flow QL cfs

Outfall Flow QO cfs

Out fall Pipe Diameter DO l.n

Pipe Size Ratio DL/DO
~anhole Diameter B in

~.~. Size Ratio B/DO
Outfall Velocity Head Vo

2/2g ft.

Downstream Pressure Elevation

Pr~~sure Ri~e Coefficient (sq. edge entr.)
.. '-','\;. ..k fl ~

C~ IV-GKL for sq. M.H.

k L for rd. (less 0.1)

M.H.-6

478.21

471.61

25.0

25.0

30

1.00

48

1.60

0.40

475.96

1. 55

1.45

0.58

476.54

1. 73

0.69

476.65

1.'56
5.04 Pressure

Condui t

f, 4-.0..<1 -



Pipeline Data: ,Downstream Upstream

Q = 25 cfs Q = 25 cfs

Length = 162 ft. Q = 30 inches

rfJ = 30 inches

S = 0.0084 ft./ft.

V = 5.09 c fs .

V2
"!g = 0.40;"°ft.

sf = 0.0037 ft./ft.

hf = 0.60 ft.

•
WME, June, 1979, II



•

•

•

outfall velocity head to obtain hU' the depth of water over the outfall

pressure line. Next hu is added to the elevation of the out fall pres

sure line at the branch point to obtain the elevation of the water sur~

face in the manhole. Finally, the clearance of the water surface below

the manhole top is checked.

Manhole No. M.H.-7 ~ . ..I (_
nqwr~'" . ,lit'

This type of manhole is one ~o which,Gh~t IV-~applies.

Known quantities are the gutter elevations, the manhole bottom elevation,

the flow rate, the pipe diameter, the deflection angle and characteris

tics, and the elevation of the downstream pressure line. From these data

the velocity head of the outfall flow may be determined. The loss coef-
• •• ~\)1"'e.... 4-... lfl, . .. f

flc1.ent K loS read from Ch~ IV-J and 1.S mult1.plled by the out all veloc-

ity head to obtain the rise of the water surface above the downstream

pressure line elevation. This corresponds to the upstream pressure line

elevation. The clearance of the water surface below the gutter should be

checked.

Inlet No.9

This inlet is an example of the type of inlet to which ~t--IV-J;: ap

plies. The ground above Inlet No.9 rises very sharply and for the sake

of economy, the upstream in-line pipe is raised 3.66 feet above the inlet

bottom. As will be seen in the worked example) the water surface eleva

tion in the inlet is below the invert of the upstream pipe. This implies

that flow will be open-channel in the upstream pipe, at least in its low

er section. The flow from the upstream pipe will be treated as grate

flow to the inlet. The designer should c;heck upstream junc tions to

identify 'the type of flow at each and design accordingly •.

The known data are the gutter elevation, the elevation of the inlet bot

tom, the lateral pipe inflow rates, the outfall flow rates, the pipe dia

meters and the elevation of the downstream pressure line. From the lat

eral pipe flow rates and sizes the velocity in each of the laterals is

determined, and the two lateral s are identi fied as higher-veloci ty and

lower-velocity. In this case, the right lateral, looking downstream, is

the higher velocity lateral. From the giv~n data and the above

(
WME, June, 1979, II
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EXAMPLE STORM DRAIN DESIGN MANHOLE NO.7 ,

00

t

~Oo

477.57

Pressure Line--

482.52

I

ELEVATION

Pressure Line

V; ~:':::::f:::::::::j::::::
KU -2 0

~ u

00=32" -

48" dia. manhole

PLAN

t·

~u=25.

Item M.H.-7

Gutter Elevation

Manhole Bottom Elevation

Upstream = Downstream flow cfs

_Upstream Pipe Diameter in.

Downstream Pipe Diameter

Outfall Velocity Head V6/2g ft.

DU/DO
(This implies that there is no contraction or
expansion headloss)

Deflec don angle

Downstream Pressure Elevation

Chart IV-K, K

Upstream Pressure Rise = K x V6/2g

Upstream Pressure Elevation, W.S.E.

Clearance, Water Below Top ft •.

Depth of Water in Manhole

USHGL @M.H.-6 476.54

482.52

475.11

25.0

30

30

0.40

1.0

477.47

0.25

0.10

477.57

4.96

2.46 Assuming
flo',07ing
full

•
WME, June, 1979, II



Line

478.59

INLET NO.9

/483.00

I . \

r'~·JI~. ~ . , \ ELEVATION

5.0

,\ ""2. 'i
a<-;- f -.,.I \

p )

01.=30 (V=3 8fps)

R

PLAN

EXAMPLE STORM DRAIN DESIGN

~-

:..-- -01.=12'
10,.:24' ~Oo=30"

15.0 00 =2
+

• j
+ T

s' x 4' box -- DR =18"-
Q =7.0 (V= 4.0 f s

Q=u

•

FIGURE~ USE CHART IV""E

Item Inlet 9

•

•

Gutter Elevation

Inlet Bottom Elevation

Flow Ratios QG/QO
Qhv/QO
Qlv/QO

Pipe Size Ratios Dlv/DO

Dhv/DO

Dhv/Dlv
Velocity Head V~/2g

Downstream Pressure Elevation
f \~."''re..4-, \\

Cfta~t IV-! -Factor H

Factor L

KL = H-L

K =R
Pressure Rise Left Lateral = 2.5 x 0.40

Pressure Rise Right Lateral = 1.8 x 0.40

Upstream Pressure Elevation Left Lateral

Upstream Pressure Elevation Right Lateral

Water Surface Elevation

Clearance, Gutter to iolater ft.

Depth of Water in Inlet ft.

483.00

475.35

0.60

0.28

0.12

0.40

0.60

1.50

0.40

477.88

3.1

0.6

2.5

1.8 (high vel. lat)

ft. 1.0

ft. 0.72

478.88

478.60

478.60

4.41

3.24 Pressure Conduit
Downstream & Lats.

WME, June, 1979, II



Pipeline Data:

Q = 25.0 cfs

Length = 250 ft.

~ = 30"

s = 0.0140 ft./ft.

V = 5.09 fps

v2
2g = 0.40 ft.

Sf = 0.0037 ft./ft.

h f = 0.93 ft.

WHE, June, 1979, II

•

•

•



• determination, the ratios QG/QO' Qhv/QO' Qlv,/QO' Dhv/DO' Dlv/DO' and

Dhv/D lv (=1. 50) are calculated. Next the veloc ity head in the out- (--

fall pipe is determined. The pressure factors Hand L are read from ~'i'~·;te.. . .
4-·i\

TV-E, and ident i fied by the lateral to which the D and Q 0 f the two graphs

apply. The difference between Hand L 0.1 - 0.6 = 2.5) is the pressure

change coefficient KL = Klv ' the lower velocity lateral. The constant

coefficient Ka = Khv is 1.8 because the upstream flow is treated as

grate flow entering an inlet. Each coefficient is multiplied by the velo-

city head of the outfall flow to obtain the pressure changes, h lv and

hhV' for the laterals. The pressure change is always positive and so

produces a rise in pressure upstream. The pressure rise, h lv ' is used

to obtain the pressure line elevation on the higher velocity lateral. The

water surface elevation corresponds to the latter pressure line. The clear

ance of the water surface below the gutter should be checked.

•

•

Manhole No. M.H.-8

This manhole has been included to illustrate junction energy loss computa-

tions with open channel flow. The following data apply:

USHGL @ Inlet I-9-Must be computed

Q = 15.0 cfs

0 = 24" Downstream

0 = 21" Upstream

Length to MH-8 = 300 feet

s = 0.012 l /ft. Downstream

s = 0.014 l /ft. Upstream

No Deflection in Manhole

Computations:

Downstream Pipe:

Qf = 25.0 c fs

Q = 0.60
Qf

~ = 0 63 (Figure IV-4)
D .

d =1.26 feet = Normal Depth

Vf = 7.96 fps

IDlE, June, 1979, II
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/

(

\.~

USHGL @MH -7 = 477.57

Pipeline Data:

Downstream:

Q = 25.0 cfs

Length = 85.0 ft.

f/J = 30 inches

s = .0028 ft./ft.

V = 5.09 fps

V2
"!g = 0.40' ft.

Sf = 0.0037 ft./ft.

h f = 0.0031 ft.

Upstream: L. Lateral: R. Lateral:

Q = 15.0 cfs Q = 3.0 cfs Q = 7.0 cfs

'/) = 24 in. '/) = 12 in. '/) = 18 in.

V = 3.82 fps V = 3.96 fps

•

•

•
WME, June, 1979, II 1JJ 10-5-
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•••••

•

~ = 0.90 (Figure IV-4)
f

v ... 7.16 fps

V2/2g = 0.80 ft.

Downstream Invert Elevation = 482.60

Downstream Energy Grade Line Elevation = 484.66

Upstream Pipe

Qf = 19 cfs

Q = 0.79
Qf
~ = 0.75 (Figure IV-4)

D

d = 1.31 ft. = normal depth

Vf = 6.24 fps

V = 0.98
Vf (Figure IV-4)

V = 6.11 fps

V2/2g = 0.58 ft.
Head Losses for Expansion = 0.2 (6 hv) = 0.2 (0.80 - 0.58) = 0.04 ft.

Downstream Energy Grade Line Elev. 484.66

+ Loss for Expansion +0.04

Upstream Ene~gy Grade Line Elev. 484.70

- Upstream Velocity Head 0.58

- Upstream Depth of Flow 1.31

Upstream Invert Elevation 482.81

Inlets 4 and 7 -::-.~' ..:....,

Inlet 7 illustrates the type to which GAut IV-h applies for box-side

outfall. Inlet 4 illustrates an inlet to which the chart applies for

box-end outfall. The determination of the water surface elevation in the

inlet proceeds in the same manner in either case.

• Known quantities are the gutter elevation, t~e inlet bottom elevation,

the inflow rate, the out fall pipe diameter, and the elevation of the



. ..

downstream (out fall pipe) pressure 1 ine. From these data J the veloc i ty

head of the outfall flow and the depth from the downstream pressure line

to the inlet bottom may be calculated. Then diDO is e.s~~~ated,
r '2'.'" ~- -:-- '1 ..

inc luding an allowance of h G" Then KG is read from Chat L f'Ftr and

multiplied by the velocity head in the outfall to obtain h
G

, the rise

of the water surface elevation above the pressure line. Finally ~g is

added to the outfall pressure line elevation to obtain the water surface

elevation, diDO is recomputed to determine the accuracy· of ~he estimate

made initially, and the clearance of the water surface below the gutter

is' checked.

... ;

WME, June, 1979, II
4-.5~
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• EXAMPLE STORM DRAIN DESIGN INLET NO.7

\
I

Water Surface
f--= :.-.:::::::t::'"

T· --;- - Pressure Line

QG'" I~AII flow enters through grate

TT . V;
I r K ---l .G 20

[
,. 5' x 2' box w/top grate

Q ,Do

G~~t~

Outfall pipe from inlet
'--_.... box side

PLAN

~- .~..
) •..<1 '.--'

FIGURE ..tv--f9" USE eHAR=T:-tv-A-

Gutter Elevation

Inlet Bottom Elevation

Q
G

= Q
O

c fs .

DO in.

Outfall Velocity Head V~/2g ft.

Downstream Pressure Elevation

Pressure Elevation Above Bottom ft.

Es timated diDO

Wat~r Dep,tq, Over Pressure Line
_ ........,j, \ .,-

chait r .....A, KG

Rise, KG x V6/2g ft.

Water Surface Elevation

•

•

Item

Check dIDO

Clearance, Gutter to Water

Depth of Water in Inlet ft.

USHGL @Inlet 6 = 479.70

ft.

Inlet 7

483.77

479.00

2.6

12

0.17

480.86

1.86

2.5

3.7

0.63

481.49

2.49

2.28

2.49

WME, June, 1979, II
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Pipeline Data:

Q = 2.6 cfs

Length = 218 ft.

o = 12 inches

s = 0.0055 ft./ft.

V = 3.31 fps.
2

t~= <):17 ft.

sf = 0.0053 ft:/it~

li f = 1.16 ft.

WME, June, 1979, II
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e EXAMPLE STORM DRAIN DESIGN INLET NO.4

Surface

grate

e Line

QG"\.
/ AI I floVi enters through

V;
--........-.;- ..."..,,-JJ-'-'

,(KG2q Water

- :--+- - - Pressur
I

L --
[

Outfall pipe from
inlet box end

Do

5' x 2' box
w/top grate

PLAN ...... ,':. ';.' ELEVATION
FIGURE +V--i&- USE CHART 1''rA

Inlet 4

e
Item

Gutter Elevation

Inlet Bottom Elevation

QG = Qo cfs

DO l.n

Outfall Velocity Head V~/2g

Downstream Pressure Elevation ft.

Press. Elevation Above Bottom ft.

Estimated diDO

Water Deptq,Over Pressure Line

483.94

480.50

1.6

12

0.06

482.60

2.10

2.5

CA-ar-l: Pr-1t KG

Rise,.KG x V6/2g ft.

Water Surface Elevation

Check diDO

Clearance, Gutter to Water ft.

Depth of Water in Inlet, ft.

USHGL @Inlet 3 = 482.47

5.0

0.30

482.90

22.40

1.04

2.40

e·
TV-l J.,.1

WME, June, 1979, II



Pipeline Data:

Q = 1.6 c fs

Length = 67 ft.

o = 12 in.

s = 0.0121 ft./ft.

V = 2.04 fps

V2 = 0.06 ft.
2g

~ sf = 0.0020 ft. / ft.

h f = 0.13 ft.

WME, June, 1979, II
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4.3 CULVERTS

4.3.1 General

The charts and procedures for culvert design used in this manual are taken from the

Federal Highway Administration Hydraulic Design Series Number 5 "Hydraulic Design
of Highway Culverts," it is recommended that culvert designers use this reference··

liberally as it is the result of years of research and experience in culvert design and at
this time (1988) represents the state of the art.

A. Definitions

A culvert is a hydraulically short conduit which conveys stream flow through a roadway

embankment or through some other type of flow obstruction. Culverts are constructed
from a variety of materials and are available in many different shapes and

configurations. Culvert selection factors include roadway profiles, channel
characteristics, flood damage evaluations, construction and maintenance costs, and

estimates of service life.

Clear Zone: Clear Zone is the roadside border area, starting at the edge of the traveled

way, available for safe use by errant vehicles.

B. Interaction of Culverts With Other Systems

Culverts are primarily used for conveying runoff through a roadway embankment. They

are normally aligned with a natural wash or drainage channel, which are often outfalls
for storm drainage systems. Culverts are typically associated with drains on such a scale

where bridges are not feasible. Regional drains are generally of a magnitude that

justifies the use of bridges.

4.3.2 Hydrology

(*Note: J'his section will be completed when the Hydrology section is completed.)

4.3.3 Culvert Criteria

A. Sizing

Crossroad culverts should be sized for the 50 year peak discharge. Other design

frequencies shall be used only with the approval of the governing municipality.

4.3.1
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B. Minimum Velocity •Both minimum and maximum velocities should be considered in culvert design. A
minimum velocity of 2.5 feet per second at design capacity is recommended to assure a

self-cleaning condition during partial depth flow.

C. Maximum Velocity

The maximum velocity should be consistent with channel stability requirements at the

culvert outlet. As outlet velocities increase, the need for channel stabilization at the
culvert outlet increases. If culvert outlet velocities exceed permissible velocities for the

outlet channel lining material, suitable outlet protection should be provided. Outlet
velocities may exceed permissible downstream channel velocities by up to 10% without
providing outlet protection if the culvert tailwater depth is greater than the culvert
critical depth of flow under design flow conditions. Permissible velocities for several
channel lining materials are contained in Tables 3.2 and 3.3 of Chapter 3. As a
practical limit, outlet velocities should be kept below 15 feet per second unless special
conditions exist.

D. Materials

The selection of a culvert material may depend upon structural strength, hydraulic
roughness, durability, and corrosion and abrasion resistance. The three most common
culvert materials are concrete (reinforced and nonreinforced), corrugated aluminum, and
corrugated steel. Culverts may also be lined with other materials to inhibit corrosion
and abrasion. Linings are not recommended to reduce hydraulic resistance because
culvert linings have a short lifespan and are seldom reapplied as part of normal culvert
maintenance. When linings are applied, the culvert sizing should neglect the reduced
roughness from the lining material.

E. Minimum Cover

Minimum cover of fill over culverts must be provided to maintain the structural

integrity of the pipe under anticipated loading conditions. Culvert manufacturers
provide minimum cover requirements for prefabricated pipe. A rule of thumb for
estimating minimum cover requirements is to provide one-eighth of the barrel diameter
or span, with a minimum of 1 foot. The top of culverts should not extend into the

roadway subgrade.

4.3.2
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• F. Depth For Road Crossing

Culverts are to be designed to convey the 50 year peak discharge with no flow crossing
over the roadway. Additionally, the flow depth over the roadway shall be limited to 0.5
feet for the 100 year peak discharge.

Regardless of the size of the culvert, street crossings are to be designed to convey the
100 year storm runoff under and/or over the road to an area downstream of the crossing
to which the flow would have gone in the absence of the street crossing. Flows up to or
including 100 year frequencies should not cause increased flooding of farm land,
developable lands, or buildings, unless a drainage easement is acquired for those areas.
The backwater area upstream of the culvert should be delineated.

For flows crossing broad shallow washes where the construction of a culvert is not
practical or desirable, the road may be dipped to allow the entire flow to cross the road.
The pavement through the dip section should have a one way slope parallel to flow and
curbing and medians must not be raised. Upstream and downstream cutoff walls and
aprons should be provided to minimize headcutting and erosion. Use of dip sections
shall be approved by the Governing Municipality.

• G. Special Design Considerations

•

Scour and Sedimentation. Possible aggradation or degradation at culvert crossings must
be examined in the design of culverts. An adequate system of culvert design involves
passing drainage water and sediment from the upstream regime condition of the channel
crossing without upsetting the delicate balance between hydraulics and sediment
transport flow.

The effects of scour and deposition should be minimized by protecting the outlet from
scour with suitable outlet protection measures and reducing sedimentation problems by
avoiding inlets depressed below the natural channel flowline and multi-barrel
installations that reduce the channel velocity for low flows. Culverts which are located
on and align'ed with the natural channel are less .susceptible to sedimentation problems.

Skewed Channels. A good culvert design is one that limits the hydraulic and
environmental stress placed on the existing natural water course. This stress can be
minimized by utilizing a culvert which closely conforms to the natural stream in
alignment, grade and width.

Often the culvert barrel must be skewed with respect to the roadway centerline to

accomplish these goals. Alterations to the normal inlet alignment are also quite common.

4.3.3
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The alignment of a culvert barrel with respect to the roadway centerline is referred to as •

the barrel skew angle. A culvert aligned normal to the roadway centerline has a zero
barrel skew angle. Directions (right or left) must accompany the barrel skew angle
(Figure 4.35).

The barrel skew is established from the stream location and the proposed or eXIstmg
roadway plan. The advantages of using a natural stream alignment include a reduction
of entrance losses, equal depths of scour at the footings, less sedimentation in multibarrel
culverts, and less excavation. The disadvantage of this design procedure is that the inlet
may be skewed with respect to the culvert barrel and the culvert will be longer,
sometimes resulting in increased initial costs.

The angle from the culvert face to a line normal to the culvert barrel is referred to as
the inlet skew angle. (Figure 4.36.) The structural integrity of circular sections is
compromised when the inlet is skewed due to loss of a portion of the full circular
section where a portion of the culvert barrel extends beyond the full section. Although
concrete headwalls help stabilize the pipe section, structural considerations should not be
overlooked in the design of skewed inlets.

Culverts which have a barrel skew angle often have an inlet skew angle as well. This is
because headwalls are generally constructed parallel to a roadway centerline to avoid •
warping of the embankment fill.

In cases where the culvert barrel cannot be aligned with the channel flowline, such as
when runoff is directed parallel to the roadway embankment to a suitable crossing
location, the flow enters the culvert barrel at an angle. The approach angle should be
limited to a maximum of 90 degrees. When high velocities exist, inlet losses resulting
from turning the flow into the culvert should be considered. If backwater computations
are not employed and the approach channel velocity is 6 feet per second or greater, the
following equation should be used to estimate the loss. The loss should be added to the
other inlet losses in the culvert design computation:

Where:

Ht = (Va2/2g)sin a

Ht = Headloss due to turning the flow [ft].

Va = Approach channel velocity [fps].

a = angle of approaCh [deg].

g = gravitational acceleration (32.2 ft/s2).

(4.5)

Typical headwall-wingwall configurations for skewed channels are shown on Figure •
4.37.

4.3.4
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Bends. A straight culvert alignment· is desirable to avoid clogging, increased
construction costs, and reduced hydraulic efficiency. However, site conditions may
dictate a change of alignment, either in plan or in profile. When considering a nonlinear
culvert alignment, particular attention should be given to erosion, sedimentation, and
debris control. Vertical bends are permitted when they transition from a flatter to a
steeper slope, but should not transition from steeper to flatter slopes because of the
potential for sediment deposition in the flatter reach.

In designing a nonlinear culvert, the energy losses due to the bends must be considered.
If the culvert operates in inlet control, no increase in headwater occurs unless the bend
losses cause the culvert to flow under outlet control. If the culvert operates in outlet
control, an increase in energy losses and headwater will result due to the bend losses.
To minimize these losses, the culvert should be curved or have bends not exceeding 15
degrees at intervals of not less than SO feet. Under these conditions, bend losses can be
ignored.

If these conditions cannot be met analysis of bend losses is required. Bend losses are a
function of the velocity head in the culvert barrel. To calculate bend losses, use the
following equation.

(4.6)

Hb is added to the other outlet losses. Figure 4.70 in Section 4.3.5 can be used to

determine loss coefficients (kb) for bend losses in conduits flowing full.

The broken back culvert shown in Figure 4.38 has four possible control sections: the
inlet, the outlet, and the two bends.

The upstream bend may act as a control section, with the flow passing through critical
depth just upstream of the bend. In this case, the upstream section of the culvert
operates in outlet control and the downstream section operates in inlet control. Outlet
control calculation procedures can be applied to the upstream barrel, assuming critical
depth at the bend, to obtain a headwater elevation. This elevation is then compared
with the inlet and outlet control headwater elevations for the overall culvert. The
controlling flow condition produces the highest headwater elevation. Control at the
lower bend is very unlikely and that possible control section can be ignored except for
the bend losses in outlet control.

Flotation and Anchorage. Flotation is the term used to describe the failure of a culvert
due to the uplift forces caused by buoyancy. The buoyant force is produced from a

combination of high head on the outside of the inlet and the large region of low
pressure on the inside of the inlet caused by flow separation. As a result, a large

4.3.5
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• bending moment is exerted on the end of the culvert. This problem has been noted in
the case of culverts under high head, with shallow cover, on steep slopes, and with
projecting inlets. The phenomenon can also be caused by debris blocking the culvert
end or by damage to the inlet. The resulting uplift may cause the inlet ends of the
barrel to rise and bend. Occasionally, the uplift force is great enough to dislodge the
embankment. Generally, flexible barrel materials are more vulnerable to failure of this
type because of their light weight and lack of resistance to longitudinal bending. Large,
projecting or mitered corrugated metal culverts are the most susceptible.

A number of precautions can be taken by the designer to guard against flotation. Steep
slopes (1 to 1 or steeper) of adequate height, which are protected against erosion by
slope paving or head walls, help inlet and outlet stability. When embankment fill heights
are less than 1.5 times the pipe diameter or fill slopes are flatter then 1 to I, flexible
pipe installations should be provided with concrete headwalls for dead load and rigid
pipe installations susceptible to separation at the joints should be protected with tie bars.
Limiting headwater buildup also helps prevent flotation. It is desirable to limit design
headwater depths to 1.5 times the culvert height.

Safety. The issue of safety includes the following principals:

• 1. Stormwater naturally accumulates, frequently in amounts that present
hazards to property, traffic, and life and health.

•

2. Because of the accumulation of stormwater, certain levels of hazards
cannot be eliminated.

3. Stormwater frequently carries substantial amounts of debris that can
threaten the hydraulic capacity of drainage facilities.

4. Devices placed on drainage facilities to restrict access by pedestrians will
also restrict hydraulic capacity.

5. Multipurpose uses of many conduits are desirable, may provide safer day
to day conditions, and require relatively easy pedestrian access to drainage
works in order to be effectively used (trash racks would preclude this
use).

During design, culvert entrances may require additional consideration for safety and
for debris transported by stormwaters. Frequently, trash collection devices are also

utilized as safety devices. The need for trash collection or safety devices should be
determined during planning and before the design of drainage facilities. It is rare that

4.3.6
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cost-effective trash collectors can be retroactively added without a reduction of •
intended system design capacity. In any case, it is not a good policy for a failure of
protection devices for humans to result in more property damage or greater hazards to

traffic than would have happened if the protection devices were not utilized.

Safety devices can be divided into two types (U.S. Bureau of Reclamation):

An important distinction between these two categories is that Category II safety devices
also impede the flow of stormwater into or through drainage facilities.

Category I

Category II

- Devices That Limit Or Deter Access
Fencing
Guard rails
Warning signs
Pipe safety barriers

- Devices That Permit Escape
Safety nets
Safety cables
Safety racks
Safety ladders

•There are three categories of safety to consider:

• Life and Health
• Traffic
• Property

Primary safety issues are life and health safety; however, protection of traffic and
_property are also concerns. Life and health hazards are classified according to the
following table (U.S. Bureau of Reclamation):

TABLE 4.5

CLASSIFICATION OF HAZARD EXPOSURES

CLASS A

CLASS B

S~ptember 5, 1989

Waterways adjacent to schools and recreational areas, such as playgrounds,
subject to frequent visits by children.

Waterways nearby or adjacent to urban areas or highways and subject to

frequent visits by the public.
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• CLASS C

CLASS D

CLASS E

CLASS F

Waterways nearby or adjacent to farms or highwa'ys which could be

subject to visits by children seeking recreation.

Waterways far removed from any dwelling, subject to infrequent visits by
operating personnel and an occasional sportsman.

Waterways that would be a hazard to domestic animals.

Waterways that would be an extreme hazard to big game animals.

•

•

From Table 4.5, all areas of Maricopa County would be categorized by classes A, B, or
C. Considering growth potential, there are probably few areas of the county that a
classification of less than class B should be considered. Safety for drainage facilities

should be considered for both dry weather and runoff conditions. Dry weather hazards
include traffic and personal safety. Examples of traffic hazards include: improper
placement of guard rails on structures; unprotected drops at structures 'located near
roads; and grading which promotes vehicle rollovers.

During large storm events, people will sometimes walk or play in water that can carry
them to drainage structures which are dangerous during flood conditions, or worse,
purposely boat or float in drainage facilities during high runoff levels with the same
results. It is not possible to develop drainage facilities that are totally safe, that will
preclude people from doing unintelligent acts, and that will also be hydraulically
efficient. These objectives are mostly mutually exclusive; however, the objective of
providing reasonable levels of protection for people exercising reasonable judgement
can occur, with some degree of harmony, along with the primary purpose of drainage
facilities, which is, to efficiently pass storm water.

The basis concept of this proposed approach to safety is to apply more restrictive
measures as hazards increase. The primary purpose for constructing drainage facilities
is the efficient conveyance of stormwater to minimize property damage and to permit
traffic flow across and parallel to drainages; therefore, safety in this context will refer
to protection from life and health hazards.

When any of the following conditions are met, trash racks will be required on the

entrances to all conduits in areas of Class A or B hazard as determined from Table 4.5:

Side slopes in the conveyance are steeper than 4(H):I(V) for concrete, grass and earth
linings, and 3(H):I(V) for riprap linings.

Conduits smaller than 7 feet in diameter, longer than 100 feet in length, and without

12-inches of freeboard at the design flow rate.

4.3.8
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Conduits with energy dissipators at the end.

Conduits exiting multi-use detention facilities.

Conduits with sufficient bend that the opposite end cannot be clearly seen.

A plugging factor of 50% will be used on all trash racks, and in areas that are
considered a Class A hazard, the velocity through the rack S. 2.0 fps (after plugging
factor applied). For trash racks with velocities less than 3.0 fps after the plugging
factor is applied, the losses caused by the trash rack can be ignored in computations.

For greater velocities the loss will be computed, and added to the computed water
surface, using the formula in Section 4.3.4, "Design Procedure."

Conditions that will cause racks to be used on outlets include:

1. Storm sewers, and

2. Inlets of pipes smaller than 7 feet in diameter that flow into recreation
areas that are not designed for pedestrian use.

Flap gates can be considered for substitution for trash racks on conduit outlets when it
can be shown that sedimentation will not cause the flap gate not to open or that the

design of the outlet structure will reduce downstream sedimentation that would cause
the flap gate not to open.

In instances where open channels connect conduits that meet the geometric and hazard

requirements previously listed, category I safety devices are required to restrict access
to the general public along the entire reach of that channel. An example is a concrete
lined channel with 1:1 side slopes in a Class B hazard, where the channel connects to
culverts and the lower culvert has an energy dissipator at its outlet.

It should be noted that the current MAG standards cannot be used in most Class A

hazard conditions, because the rack slope is too steep to provide sufficient open area to

reduce the velocity below 2 fps. These racks can be used in Class B hazard areas and

may require that losses be calculated.

Some additional conditions to consider are:

• New development must meet predetermined standards that control
flooding. Design for life and health safety should not compromise those

standards.

4.3.9

September 5, 1989

•

•

•



•

•

•

• Drainage works in existing areas will often not meet the standards for flooding
that is required of new development; however, where possible, the generally agreed
level of protection against flooding should be attained without compromise [or life
and health safety.

Improved Inlets. The hydraulic performance of culverts operating in inlet control can
be improved by changing the inlet geometry of the headwall. Improvements include
bevel-edged, side-tapered and slope-tapered inlets. The advantage of these
improvements is to convert an inlet control culvert closer to outlet control by utilizing
more of the barrel capacity.

A beveled-edge provides a decrease in flow contraction losses at the inlet and Ke is
reduced from 0.5 to 0.2, which can increase the culvert capacity by as much as 20
percent. Bevels are required on all culverts with headwalls and should be constructed
as shown on Figure 4.39.

Side-tapered inlets have an enlarged face area accomplished by tapering sidewalls as
shown on Figure 4.40. It provides an increase in flow capacity of 25 to 40 percent
over square-edged inlets. There are two types of control sections for side-tapered
inlets: face and throat control. The advantages of side-tapered inlet under throat
control are: reduced flow contraction at the throat and increased head at the throat
control section.

Slope-tapered inlets provide additional head at the throat section as shown on Figure
4.41. This type of inlet can have over 100 percent greater capacity than a conventional
culvert with square edges. The degree of increased capacity depends upon the drop

between the face and the throat section. Both the face and the throat are possible
control sections. The inlet face should be designed with a greater capacity than the
throat to insure flow control at the throat. More of the potential capacity of the
culvert can then be insured.

Prefabricated steel inlet end sections (Figure 4.42) are available for corrugated steel
pipe that perform about as well as a square edged headwall inlet with an entrance loss
coefficient of 0.5.

Culvert inlets are used to transition the flow from a ponded condition upstream of the
culvert into the culvert barrel. Losses caused by the inlets have been studied
extensively for several types of inlets. The inlet control nomographs in Section 4.3.5

"Design Aids" give the required headwater depth to pass the design discharge through
several types of standard inlets. The hydraulic capacity of a culvert may be improved
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by appropriate inlet selection. Since the natural channel is usually wider than the •
culvert barrel, the culvert inlet edge represents a flow contraction and may be the
primary flow control. The provision of a more gradual flow transition will lessen the
energy loss and thus create a more hydraulically efficient inlet condition. The
improved inlets previously discussed are examples of efficient transitions that maximize
inlet capacity. Design charts for improved inlets are contained in FHWA HDS #5
"Hydraulic Design of Highway Culverts," September 1985. It should be noted
thatimproving culvert inlets will cause the greatest increase in culvert capacity when
the culvert is operating in inlet control.

The inlet control nomographs contained in Section 4.3.5 do not apply to the condition
when drop inlets are used with or without grates. The turbulence caused by the flow
dropping into the inlet box causes additional losses that are not accounted for in the
inlet control nomographs. When drop inlets are used the headwater depth should be
determined using Figure 4.7 for catch basins with inlet flow only contained in Section
4.2.5 "Design Aids" in the Storm Sewer section of the manual. The use of drop inlets is .
discouraged in· culvert 'applications because of the danger of plugging from sediment
and plugging of grated inlets from debris.

Because of the potential for inlet uplift failure and inlet damage from other sources,
concrete headwalls are required on all culvert installations. On installations where it •
can be shown that these dangers do not exist, metal end sections such as those shown
in Figure 4.42 may be used.

1. Outlets

The receiving channel at culvert outlets must be protected from the high culvert outlet
velocities caused by the flow constriction that is inherent in culvert operation. If the
culvert outlet velocity is greater than the allowable velocity for the receiving channel
lining material, protective measures must be provided.

Projecting culvert outlets are not permitted. Soine means for flow transmon must be
provided. The minimum requirement is to provide a preformed metal or concrete end
section or a headwall with or without a wingwall configuration with a cutoff wall
provided at the end of the apron. Standard outlets for closed conduits are presented in
Section 4.5 "Entrances and Outlets for Conduits," energy dissipation structures are
presented in Chapter 6 "Hydraulic Structures."

•
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4.3.4 Design Procedures

A. Common Culvert Installations

The culvert design method provides a convenient and organized procedure for
designing culverts, considering inlet and outlet control. While it is possible to follow
the design method without an understanding of culvert hydraulics, this is not
recommended.

The first step in the design process is to summarize all known data for the culvert at
the top of the Culvert Design Form (Figure 4.43). This information will have been
collected or calculated prior to performing the actual culvert design. The next step is
to select a preliminary culvert material, shape, size and entrance type. The user then
enters the design flow rate and proceeds with the inlet control calculations.

•

Inlet Control. The inlet control calculations determine the headwater elevation required
to pass the design flow through the selected culvert configuration if the culvert is
operating in inlet control. The inlet control nomographs of Section 4.3.5 are used in
the design process. For the following discussion, refer to the schematic inlet control
nomograph shown in Figure 4.44.

1. Locate the selected culvert size (point I) and flow rate (point 2) on the
appropriate scales of the inlet control nomograph. (Note that for box
culverts, the flow rate per foot of barrel width is used.)

•
2. Using a straightedge, extend a straight line from the culvert size (point I)

through the flow rate (point 2) and mark a point on the first
headwater/culvert height (HW/D) scale (point 3). The first HW/D scale is
also a turning line.

3. If another HW/D scale is required, extend a horizontal line from the first
HW/D scale (the turning line) to the desired scale and read the result.

4. Multiply HW/D by the culvert height, D, to obtain the required
headwater (HW) from the invert of the control se9tion to the energy grade
line. HW equals the required headwater depth (HWi). If trash racks are
used, add trash racks losses to HWi.

Outlet Control. The outlet control calculations result in the headwater elevation
required to convey the design discharge through the selected culvert if the culvert is
operating in outlet control. The critical depth charts and outlet control nomographs of
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Figure III-18--Inlet control nomograph (schematic).
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• Section 4.3.5 are used in the design process. For illustration, refer to the schematic
critical depth chart and outlet control nomograph shown in Figures 4.45 and 4.46,
respectively.

•

1.

2.

3.

4.

Determine the tailwater depth above the outlet invert (TW) at the design
flow rate. This is obtained from backwater or normal depth calculations,
or from field observations. Field observations are important in

determining tailwater depths. The area downstream of the culvert should
be examined for features that may create backwater effects. If such
features are found, appropriate backwater analysis techniques should be
employed to determine the tailwater depth. when culverts are in series,

the headwater elevation from the downstream culvert should be checked
to make sure that it doesn't back up water affecting the outlet conditions

of the upstream culvert.

Enter the appropriate critical depth chart (Figure 4.45) with the flow rate
and read the critical depth (dc)' If the computed dc is greater than D,
use D for critical depth.

(Note: The dc curves are truncated for convenience when they converge.
If an accurate dc is required for dc > .90 consult the Handbook of
Hydraulics by King & Brater or other hydraulic references.)

Calculate (de + D)/2

Determine the depth from the culvert outlet invert to the hydraulic grade

line (ho)'

ho = TW or (de + 0)/2, whichever is larger. (4.7)

5. From Table 4.7, Section 4.3.5, obtain the appropriate entrance loss
coefficient, ke, for the culvert inlet configuration.

6. Determine the losses through the culvert barrel, H, using the outlet

control nomograph (Figure 4.46) or appropriate equations if outside the
range of the nomograph.

•
September 5, 1989

a) If the Manning n value given in the outlet control nomograph is

different than the Manning n for the culvert, adjust the culvert
length using the formula:

4.3.13
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(4.8) •
LI is the adjusted culvert length, (ft)
L is the actual culvert length, (ft)

n I is the desired Manning n value

n is the Manning n value from the outlet control chart.

Then, use L I rather than the actual culvert length when using the outlet control
nomograph.

b) Using a straightedge, connect the culvert size (point I) with the
culvert length on the appropriate ke scale (point 2). This defines
a point on the turning line (point 3).

7.

c) Again using the straightedge, extend a line from the discharge
(point 4) through the point on the turning line (point 3) to the
Head Loss (H) scale. Read H. H is the energy loss through the
culvert, including entrance, friction, and outlet losses.

Calculate the required outlet control headwater elevation. •(4.9)

where ELo is the invert elevation at the outlet.

8. If the outlet control headwater elevation exceeds the design headwater
elevation, a new culvert configuration must be selected and the process
repeated. Generally, an enlarged barrel will be necessary since inlet
improvements are of limited benefit in outlet control.

Evaluation of Results. Compare the headwater elevations calculated for inlet and outlet
control. The higher of the two is designated the controlling headwater elevation. The
culvert can be expected to operate with that higher headwater for at least part of the
time.

The outlet velocity is calculated as follows:

1.

September 5, 1989

If the controlling headwater is based on inlet control, determine the
normal depth and velocity in the culvert barrel. The velocity at normal
depth is assumed to be the outlet velocity. Normal depth for circular and
rectangular culverts can be found using Figure 4.51 in Section 4.3.5.

4.3.14

•



•

•

2. If the controlling headwater is in outlet control, determine the area of
flow at the outlet based on the barrel geometry and the following:

a) Critical depth if the tailwater is below critical depth.
b) The tailwater depth if the tailwater is between critical depth and

the top of the barrel.
c) The height of the barrel if the tailwater is above the top of the

barrel.

Repeat the design process until an acceptable culvert configuration is
determined. Once the barrel is selected it must be fitted into the roadway
cross section. The culvert barrel must have adequate cover, the length

should be close to the approximate length, and the headwalls and
wingwalls must be dimensioned.

If outlet control governs and the headwater depth (referenced to the inlet
invert) is less than 1.2D, it is possible that the barrel flows partly full
through its entire length. In this case, caution should be used in applying
the approximate method of setting the downstream elevation based on the
greater of tailwater or (dc + D)j2. If an accurate headwater is necessary,
backwater calculations should be used to check the result from the
approximate method. If the headwater depth falls below 0.750, the
approximate method should not be used.

If the selected culvert will not fit the site, return to the culvert design
process and select another culvert. If neither tapered inlets nor flow
routing are to be applied, document the design. Culvert design shall
include a performance curve which displays culvert behavior over a range

of discharges. Development of a Performance curve is presented in
Section 4.3.4 E and Example problem number 4 in Section 4.3.6 contains
a Performance curve calculation.

•

B. Uncommon Culvert Requirements

Storage Routing. A significant storage capacity behind a highway embankment
attenuates a flood hydrograph. Because of the reduction of the peak discharge
associated with this attenuation, the required capacity of the culvert, and its size, may
be reduced considerably in some cases. The reduced size may well justify some

increase in the hydrologic design effort.

4.3.15
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All reservoir routing procedures require three basic data inputs: (I) an inflow •
hydrograph, (2) an elevation versus storage relationship, and (3) an elevation versus

discharge relationship. a complete inflow hydrograph, not just the peak discharge,

must be generated. Elevation, often denoted as stage, is the parameter which relates

storage to discharge providing the key to the storage routing solution.

Elevation versus storage data can be obtained from a topographic map of the culvert

site. The area enveloped by each contour line is planimetered and recorded. The
average area between each set of contour lines is obtained and multiplied by the

contour interval to find the incremental volume. These incremental volumes are added

together to find the accumulated volume at each elevation. These data can then be

plotted, as stage versus storage.

Elevation versus discharge data can be computed from culvert data and the roadway
geometry as described elsewhere in this section. Discharge values for the selected
culvert and overtopping flows are tabulated with reference to elevation. The combined

discharge is utilized in the formulation of a performance curve.

Despite the consideration of storage routing, the selection of an appropriate culvert size

for a given set of hydrologic and site conditions is the design objective. However, in
order to perform the storage routing calculations, a culvert must first be selected.
Storage routing calculations will then be required to verify the selected size. HDS #5
"Hydraulic Design of Highway Culverts" contains a procedure to aid in selecting an

initial culvert size based on an estimated peak discharge achieved from storage routing.

The storage-indication method of flood routing is used to establish the outflow

hydrograph and attenuated peak discharge resulting from the embankment storage.

Section 8.7 describes the application of the storage-indication method and contains a

flood routing example.

Culverts With Drop Inlets. When culverts have drop inlets, normal culvert design

nomographs are not applicable. The water falling into the catch basin causes
significant turbulence and energy losses. For this condition Figure 4.7 from Section

4.2.5 for storm drain inlets should be used.

Detention Basin Outlets. Culverts are frequently used for detention basin outlet

structures. The culvert design methods presented in this section can be used to develop

the stage-discharge relationship for these structures. If the detention basin discharges
into a storm drain system, procedures from Section 4.2 should be used to establish the

hydraulic grade line for that storm drain to check for outlet control.

4.3.16
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• c. Head Loss For Trash Racks

For trash racks with approach velocities less than 3 fps, it is not necessary to include a

loss for the trash rack; however, for velocities greater than 3 fps, such computations

are required.

Trash rack losses are a function of velocity through the rack, bar thickness, bar
spacing, and orientation of the flow entering the rack, the latter condition being an
important factor. Trash racks with bars oriented horizontally are not permitted, and

horizontal bars used to support vertically oriented bars should be as small as practical
and kept to the minimum required to meet structural requirements. The losses through

the rack can be computed with the formula:

Hg = F* Kg [w/x]4/3 [Vu2/2g] sin Og

Kg is a dimensionless bar shape factor, equal to:

(4.10)

•
2.42 - sharp-edged rectangular bars

1.83 - rectangular bars with semi-circular upstream face
1.79 - circular bars

1.67 - rectangular bars with semi-circular upstream and downstream faces

w is the maximum cross-sectional width of the bars facing the flow, ft

x is the minimum clear spacing between bars, ft
Vu is the approach velocity, ft/sec

Og is the angle of the grate with respect to the horizontal, degrees

F* is a factor used to account for the effects of plugging by debris. Figure 4.71 can

be used to determine F* for 50% plugging based on wIx.

The expected loss from a trash rack is greatly effected by the approach angle. The loss
computed by Equation 4-9 should be multiplied by the appropriate value from Table

4.6 when the approach channel and culvert are at an angle to each other.

TABLE 4.6

LOSS FACTORS FOR APPROACH ANGLE SKEWED TO ENTRANCE

•
September 5,1989

Approach Angle, degrees

o
20

40

60

4.3.17

Loss Factor

0.4

1.7

3.0

6.0



D. Performance Curves •Performance curves are representations of flow rate versus headwater depth or
elevation for a culvert.

Due to the fact that a culvert has several possible control sections (inlet, outlet, throat),
a given installation will have a performance curve for each control section and one for
roadway overtopping. The overall culvert performance curve is made up of the
controlling portions of the individual performance curves for each control section.

Inlet Control. The inlet control performa~ce curves are developed using the inlet
control nomographs of Section 4.3.5. The headwaters corresponding to the series of
flow rates are determined and then plotted. The transition zone is inherent in the
nomographs.

Outlet Control. The outlet control performance curves are developed using the outlet
control nomographs of Section 4.3.5. Flows bracketing the design flow are selected.
for these flows, the total losses through the barrel are calculated or read from the
outlet control nomographs. The losses are added to the elevation of the hydraulic
grade line at the culvert outlet to obtain the headwater.

If backwater calculations are performed beginning at the downstream end of the
culvert, friction losses are accounted for in the calculations. Adding the inlet loss to
the energy grade line in the barrel at the inlet results in the headwater elevation for
each flow rate. An example of development of a performance curve is contained in
Section 4.3.6.

Roadway Overtopping. A performance curve showing the culvert flow as welI as the
flow across the roadway is a useful analysis tool. Rather than using a trial and error
procedure to determine the flow division between the overtopping flow and the culvert
flow, an overall performance curve can be developed. The performance curve depicts
the sum of the flow through the culvert and the flow across the roadway.

The overall performance curve can be determined by performing the folIowing steps.

•

1.

September 5, 1989

Select a range of flow rates and determine the corresponding headwater
elevations for the culvert flow alone. These flow rates should falI above
and below the design discharge and cover the entire flow range of
interest. Both inlet and outlet control headwaters should be calculated. It
is recommended that the 2, 10, and 50 year flow rates be used for
developing the performance curve below the headwater depth where
roadway overtopping begins.

4.3.18
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• 2. Combine the· inlet and outlet control performance curves to define a
single performance curve for the culvert.

3. When the culvert headwater elevations exceed the roadway crest elevation,
overtopping will begin. Calculate the equivalent upstream water surface
depth above the roadway (crest of weir) for each selected flow rate.

Use these water surface depths and the equation from Section 4.3.4 E

"Roadway Overtopping" to calculate flow rates across the roadway.

4. Add the culvert flow and the roadway overtopping flow
corresponding headwater elevations to obtain the overall
performance curve.

at the
culvert

•
E.

Using the combined culvert performance curve, it is an easy matter to
determine the headwater elevation for any flow rate, or to visualize the
performance of the culvert installation over a range of flow rates. When
roadway overtopping begins, the rate of headwater increase will flatten
severely. The headwater will rise very slowly from that point on. Figure
4.47 depicts an overall culvert performance curve with roadway
overtopping. Example problem number 4 in Section 4.3.6 illustrates the
development of an overall culvert performance curve. The 100 year
discharge should be identified on the performance curve and the
corresponding depth of flow over the roadway.

Roadwav Overtopping

Roadway overtopping will begin as the headwater rises to the elevation of the lowest
point of the roadway. This type of flow is similar to flow over a broad crested weir.
The length of the weir can be taken as the horizontal length across the roadway. The
flow across the roadway is calculated from the broad crested weir equation:

where:

(4.11 )

•
Qo =
Cr =
HWr =
Kt =
Ls =

is the overtopping discharge in ft3/s
is the overtopping discharge coefficient
is the flow depth above the roadway in ft
is the submergence factor
is the length of the roadway crest along the roadway in ft

The charts in Figure 4.48 indicate how to evaluate the correction factors Kt and Cr.
,

4.3.19
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If the elevation of the roadway crest varies, for instance where the crest is defined by
a roadway sag vertical curve, the vertical curve can be approximated as a series of
horizontal segments. The flow over each is calculated separately and the total flow
across the roadway is the sum of the incremental flows for each segment (Figure 4.49).

The total flow across the roadway then eq~als the sum of the roadway overflow plus
the culvert flow. A performance curve must be plotted including both culvert flow
and road overflow. The headwater depth for a specific discharge, such as the 100 year
discharge can then be read off of the curve.

Design example 4 in Section 4.3.6 illustrates this procedure.

F. Junctions

Flow from two or more separate culverts or storm sewers may be combined at a
junction into a single culvert barrel. For example, a tributary and a main stream
intersecting at a roadway crossing can be accommodated by a culvert junction. (Figure
4.50). A drainage pipe conecting runoff from the overlying roadway surface and
discharging into a culvert barrel is an example of a storm sewer/culvert junction.

Loss of head may be important in the hydraulic design of a culvert containing a
junction. Attention should be given to streamlining the junction to minimize
turbulence and head loss. Also, timing of peak flows from the two branches should be
considered in analyzing flow conditions and control. When possible, the tributary flow
should be released downstream of the culvert barrel. When this is not practical, the
following procedure should be used to estimate the losses.

For a culvert barrel operating in outlet control and flowing fun, the junction loss is
calculated using the equations given below. The loss is then added to the other outlet
control losses.

•

•

(4.12)

~j is the head loss through the junction in the main conduit, (ft)
y is the change in hydraulic grade line through the junction, (ft)
HVI is the velocity head in the upstream conduit, (ft)
Hv2 is the velocity head in the downstream conduit, (ft)

The formula for y' is based on momentum considerations and is as follows:

(4.13 )
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•

•

•

subscripts I, 2, and 3 refer to the outlet pipe, the upstream pipe, and the lateral pipe

respectively

Q is the flow rate, (ft3/s)
V is the velocity, (ft/s)
Ais the area of the barrel, (f~)
OJ is the angle of the lateral with respect to the outlet conduit

4.3.21
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4.3.5 Design Aids

Culvert Design Form. The Culvert Design Form, shown in Figure 4.43, has been
formulated to guide the user through the design process. Summary blocks are provided
at the top of the form for the project description, and the designer's identification.

. Summaries of hydrologic data of the form are also included. At the top right is a
small sketch of the culvert with blanks for inserting important dimensions and
elevations.

The central portion of the design form contains lines for inserting the trial culvert
description and calculating the inlet control and outlet control headwater elevations.
Space is provided at the lower center for comments and at the lower right for a
description of the culvert barrel selected. The design chart should be completely filled
out, including consideration of inlet and outlet control.

4.3.22
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~. '

~'
T ABLE ~ - ENTRANCE LOSS COEFFICIENTS

PiDe, Concrete

Co~rricient k.

•

Projecting from fill, socket end (groove-end)
Projecting from fill, sq, cut end
Headwall or headwall and wingwalls

Socket end of pipe (groove-end)
Square-edge
Rounded (radius = 1/12D) ,

Mitered to confQrm to fill slQpe
-End-SectiQn cQnfQrming to fill slope
Beveled edges, 33,7° Qr 45° bevels
Side-Qr slQpe-tapered inlet

PlDe, or Pioe-Arch, Corrugnted Metnl

PrQjecting frQm fill (no headwall) ,
Headwall Qr headwall and wingwalls square-edge,
Mitered to cQnfQrm tQ fill slQpe, paved Qr unpaved slQpe

-End-SectiQn conforming to fill slope
Beveled edges, 33,7° Qr 45° bevels
Side-Qr slope-tapered inlet

Box, Reinforced Concrete

Headwall parallel to embankment (no wingwalls)
Square-edged on 3 edges
Rounded on 3 edges to radius Qf 1/12 barrel

dimension, or beveled edges on 3 sides
Wingwalls at 30° to 75° to barrel

Square-edged at crown .
Crown edge rounded tQ radius Qf 1/12 barrel

dimension, or beveled tQP edge
Wingwall at 10° to 25° to barrel

Square-edged at crown . i •

Wingwalls parallel (extension of sides)
Square-edged at crQwn .

Side-or slope-tapered inlet

, 0,2..
0,5

0,2
0,5
0,2
0,7
0,5
0,2

, 0,2

0,9
0,5
0,7
0,5
0,2
0,2

0,5

0.2

0,4

0,2

0,5

0,7
0,2

•

.NQte: "End Section confQrming to fill slope," made of either metal Qr cQncrete,
are the sections commonly available frQm manufacturers, FrQm limited hydrau-
lic tests they are equivalent in operatiQn tQ a headwall in both jnlet and
Qutlet contrQl, Some end sections, incorporatin~ a closed taper In thei.
deslgn have a superior hydraulic perfQrmance, These latter sectiQns can b
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4.3.6 Design Examples

The following example problems illustrate the use of the design methods and charts for

selected culvert configurations and hydraulic conditions. The problems cover the

following situations:

Problem No. I: Circular pipe culvert, standard 2-2/3 by 1/2 in (6.8 by 1.3 em)
CMP with beveled edge and reinforced concrete pipe with groove end. No

FALL.

Problem No.2: Reinforced cast-in-place concrete box culvert with square edges

and with bevels. No FALL.

Problem No.3: Elliptical pipe culvert with groove end and a FALL.

,4.3.23



Elevation at Culvert Face: 100 ft

Tailwater for 2S-Year Flood: 3.5 ft

Ej(ample Problem No, t

A culvert at a new roadway crossing
must be designed to pass the 25-year
flood. Hydrologic analysis indicates a
pcak (low rate of 200 ft3/s. Use the
following site information:

•Shoulder Elevation: 110 ft

Design a circular pipe culvert for
this site. Consider the use of a corru
gated metal pipe with standard 2-2/3 by
1/2 in corrugations and beveled edges
and concrete pipe with a groove end.
Base the design headwater on the shoulder
elevation with a two ft freeboard (eleva
tion 108.0 ft). Set the inlet invert at
the natural streambed elevation (no FALL).

. ~

1 pcrcentNatural Stream Bed Slope:
• 0.01 ft/ft

Approximate Culvert Length: 200 ft
~: Design charts used in this example
are reproduced on the following pages.
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E:qlmole Problem No, 2

A new culvert at a roadway crossing
is required to pass a 50-year flow rate
of 300 ft3/s. Use the following site
conditions:

Tailwater Depth: 4.0 ft

Approximate Culvert Length: 250 ft

•
ELhd : 110 ft based on adjacent struc.
tures

Shoulder Elev: 113.5 ft

Elevation of Stream Bed at Culvert Face:
100,0 ft

Design a reinforced concrete box culvert
for this installation. Try both square
edges and 45-degree beveled edges in a
headwall. Do not depress the inlet (no
FALL).

"

Natural Stream Slope: 2 percent
~: Design charts 8, 10, 14, and 15
are used in this solution.
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Example Problem No.3

Design a culvert to pass a 2S-year
flow of 220 ft3/s. Minimum depth of
cover for this culvert is 2 ft.

Tailwater Depth: 4 ft

Approximate Culvert Length: 150 ft

•
ELhd: 105 ft based on adjacent structures

,····'Shoulder Elev.: 105.5 ft

'Elevation of Stream Bed
at Culvert Face (EL.,): 100 ft

Original Stream Slope: 5 percent

Due to the low available cover over
the conduit, use an elliptical concrete
pipe. Use of a small depression (FALL)
of about I ft at the inlet is accept
able.

NOTE: Charts 29, 31, and 33 are used in
this solution.
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• 4.4 SIPHONS

•

•

4.4.1 General

Because of resulting physical conditions, siphons (often referred to as "inverted siphons")
are rarely used in urban drainage, but due to the flat topography and a large number of
canals in Maricopa County, the designer may be faced with consideration to use a siphon.

Inverted siphons are used to convey water by gravity under canals, roads, railroads, other
structures, and depressions. A siphon is a closed conduit designed to run full and under
pressure. The structure should operate without excess head when flowing at design capacity.

For canal structures, inverted siphons are economical, easily designed and built and have
proven a reliable means of water conveyance. Because of sediment and debris present in
stormwater, maintenance can be a significant negative factor. In addition, canals run more
or less continually and can be drained between periods of use, but siphons for stormwater
do not operate on a regular cycle. If water is left to stand, significant health hazards could
result. Siphons shall be considered only when permitted by the jurisdictional agency.

4.4.2 Design Criteria

All pipe should be designed for water-tight joints. Velocity in the conduit should be a
minimum of 5.0 fps. The minimum cover over the conduit should exceed 3.0 feet. Inlet and
outlet structures are required, and the facility shall meet the requirements for safety
described in Section 4.3.3G. Pipe collars and blow-off structures may be required as
determined by the jurisdictional agency. Air vents, after the entrance, should be used unless
the agency agrees with eliminating the vents.

At a minimum, the designer should compute losses for the entrance and outlet (including
trash racks), pipe friction, and losses at bends and transitions.

4.4.3 Design Procedure

A design procedure and design examples are contained in the Department of Interior,
Bureau of Reclamation (USBR) publication, Design of Small Canal Structures (1974).

Taking into consideration conditions that are more specific to urban drainage described
before, the USBR publication can be used for most applications in Maricopa County.

November, 1989 4.4.1



4.4.4 Reference

United States Department of the Interior, Bureau of Reclamation (USBR). Desim of Small
Canal Structures. Denver, Colorado. A.J. Aisenbrey, Jr. 1974.
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4.5 ENTRANCES AND OUTLETS FOR CONDUITS

4.5.1 General

Runoff entering and exiting closed conduits may require transitions into and out of the
conduit to minimize entrance losses and protect adjacent property and drainage facilities
from possible erosion. Pavement drainage inlets that allow runoff to drop into catch
basins are discussed in Section 3.3 "Catch Basins" and are not addressed here. This
section provides guidelines. for design of culvert type inlets and outlets to closed conduit
systems.

A. Definitions

B. Interaction With Other Systems

Closed conduit inlets and outlets provide transItIons from a ponded or ·channelized
condition upstream into the closed conduit and then back to a channelized condition
downstream. Additional channel bank protection may be required in the vicinity of the
inlet or outlet to complete the transition to the design velocity and flow depth of the
receiving channel. A drop structure may be located upstream or downstream from the
closed conduit and should be incorporated into the design. The design of inlets and
outlets should take into account all conditions in the upstream and downstream direction
to the location where the inlet, outlet, and closed conduit have no effect on predesign
flow conditions.

When an open channel, detention or retention basin drains into a storm drain system,
culvert type inlets are frequently used. The storm drain hydraulic grade line must be
considered when estimating the inlet capacity for culvert type inlets. The storm drain

hydraulic grade line at the inlet, with the appropriate entrance loss added, should be
substituted for the outlet control headwater elevation normally used for outlet control
computations. The computed outlet control headwater elevation should then be
compared with the inlet control headwater elevation from the standard inlet control
nomograph to determine the controlling headwater.

4.5.2 Special Criteria for Closed Conduits

A. Bank Protection

Roadwav embankments with culverts passing through them should be protected from
potential damage caused by roadway overtopping during a runoff event in excess of the

culvert design capacity. When a planned flow over the road has damage potential, for

4.5.1
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example when the IOO-year discharge causes flow over the roadway, the embankment •
should be protected by paving, grouted riprap or other means of permanent stabilization.

B. Entrance Structures and Transitions

Criteria for culvert entrances are contained in Section 4.3.3 "Culvert Criteria." The same
criteria apply to culvert type entrances for storm drains. Design considerations include
aligning the culvert with the natural channel profile, protection against inlet failure due
to buoyant forces, and safety considerations for the public.

Culvert performance can be improved by providing a smooth and gradual transition at
the entrance. Improved inlet designs have been developed for culverts operating in inlet
control and are presented in the Culverts Section of the manual.

Supercritical flow transitions at inlets require special design consideration. The reader is
referred to the FHWA HEC-14 "Hydraulic Design of Energy Dissipators for Culverts
and Channels" for design of supercritical flow contractions.

C. Outlet Structures

Standard measures for scour protection at conduit outlets include cutoff walls, wingwalls
with aprons, and grouted or ungrouted riprap. These measures should be used as
appropriate to ensure that the velocity entering the receiving channel is within the
allowable range of velocities for the channel outlet condition. Outlet conditions are
classified as follows:

1. Natural channel outlets where the existing natural channel is modified only to
transition to and from the culvert.

2. Artificial channel outlets where the culvert is part of an overall drainage plan
and discharges into an improved, artificial channel.

3. Side channel outlets where a conduit drains into a larger receiving channel
from the side at some angle of confluence.

It is not always desirable to totally restrict the movement of natural channels at the
culvert outlet. Limited downstream scour and channel movement may be allowed in
some cases. Due to the nature of artificial channel and side channel outlets, scour and
bed movement should not be permitted. The following criteria shall be used in
determining the type of outlet protection required based on the outlet condition.

Natural Channel Outlets. Natural channel outlet protection is based on the ratio of the
culvert outlet velocity to the average natural stream velocity.

4.5.2
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• 1. Culverts with outlet velocities less than or equal to 1.3 times the average
natural stream velocity for the design discharge shall require a cutoff wall as
a minimum for protection. Design criteria for cutoff walls is presented on
Page 4.5-4.

2. Where the outlet velocity is greater than 1.3 times the natural stream velocity,
but less than 2.5 times, a riprap apron should be provided. Design
procedures for riprap aprons are contained in Section 4.5-3 "Design
Procedures."

3. When outlet velocities exceed 2.5 times the natural stream velocity, an energy

dissipator should be provided. Several energy dissipators are described in
Chapter 6 "Hydraulic Structures."

Artificial Channel and Side Channel Outlets. Artificial channel and side channel outlet
protection is based on the ratio of the culvert outlet velocity to the allowable velocity for
the channel lining material. Outlet discharge must be transitioned to limit the velocity
to the allowable. Allowable velocities for several channel lining materials shown in
Tables 3.2 and 3.3 from Chapter 3.

• 1. Conduits with outlet velocity less than the allowable require no outlet
protection.

2; Conduits with outlet velocity greater than one and less than 2.5 times the
allowable velocity must be provided with a riprap, concrete, or other suitable
apron to transition the velocity to the allowable channel velocity.

3. When outlet velocities exceed 2.5 times the allowable channel velocity, an
energy dissipator should be provided. Several energy dissipatqrs are
described in Chapter 6 "Hydraulic Structures."

Cutoff Walls. A cutoff wall placed at the culvert outlet in a natural stream provides
adequate protection downstream when the scour will not be excessive, or where the
development of a scour hole will not undermine nearby structures so that it is practical
to allow localized scour.

The following criteria applicable to cutoff walls is based on the computed scour hole
geometry. The procedure for determining the scour hole geometry is presented in
Section 4.5.3 "Design Procedures."

• 1.
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The depth of the cutoff wall shall be equal to the maximum depth of scour.
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2. The width of the cutoff wall shall be a minimum of one-third the maximum
scour width. •

3. The depth of the cutoff wall should not normally exceed six feet. Where a
deeper wall is necessary to meet the above criteria, either another form of
protection should be employed or an analysis will be required to substantiate
the walls structural stability.

D. Safety

Inlets and outlets to closed conduits may present dangers to the public when access is not
controlled. The reader is referred to Section 4.3.3 "Culvert Criteria" for the safety
requirements related to conduit inlets and outlets.

4.5.3 Design Procedures

A. Scour Hole Geometry

The objective of this section is to present a method for predicting local scour at the
outlet of structures based on soil and flow data and culvert geometry.

The scour hole ge.ometry varies with tailwater conditions with the maximum scour
geometry occurring at tailwater depths less than half the culvert diameter with the
maximum depth of scour (hs) occurring at a location approximately 0.4 Ls do'wnstream
of the culvert outlet where Ls is the length of scour.

Empirical equations defining the relationship between the culvert discharge intensity,
time, and the length, width, depth, and volume of scour hole are presented for the
maximum or extreme scour case. The dimensionless scour hole geometry is shown in
Figure 4.5.1.

Cohesionless Material. The general expression for determining scour geometry in a
cohesionless soil for a circular pipe flowing full is

•

where:

Dimensionless Scour Geometry = a(Q/g% D5/2y~ (t/tol (4.5.1)

September 28, 1989

Dimensionless Scour Geometry is hs/Ye' Ws/Ye' Ls/Ye' or Vs/Ye

hs' Ws' Ls' and Vs are depth, width, length and volume of scour respectively.

D is the diameter of the culvert
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Q is the discharge, g is the acceleration of gravity

t is the time in minutes

a, p, 0 - are coefficients

to is a base time used in the experiments to derive coefficients (316 minutes
unless specified otherwise).

For noncircular or part full culverts, the diameter D can be replaced by an
equivalent depth Ye, where Ye is defined as

•

Ye = (A/2)% (4.5.2)

and A is the cross sectional area of flow. Modifying Equation (4.5.1) to
include the equivalent depth results in the general expression.

where:

Dimensionless Scour Geometry =ae(Q/g% Ye5/ 2)p (t/tol

_ 2.5 ;9-1 fQe - 0.63 or hs' Ws, and Ls

Qe = QO.632.5 P-3 for Vs

(4.5.3)

•
The values of the coefficients Qe' P, and 0 in Equations 4.5.1 and 4.5.2 given in Table
4.5.1.

Gradation. Thecohensionless bed materials presented in Table 4.5.1 are categorized as
either uniform (U) or graded (G). The grain size distribution is determined by
performing a sieve analysis (ASTM DA22-63). The standard deviation (r) is computed
as:

(4.5.4)

where the values of d84 and dl6 are extracted from the grain size distribution. If ~ 1.5,
the material is considered to be uniform; if ~ 1.5, the material is classified as graded.

Cohesive Soils. If the cohesive soil is a sandy clay similar to the one tested at Colorado
State University by Abt et aI, Equation (4.5.1) or (4.5.2) and the appropriate coefficients

in Table 4.5.1 can be used to estimate the scour hole dimensions. The sandy clay tested

4.5.5
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had 58 percent sand, 27 percent clay, 15 percent silt and 1 percent organic matter; had a •

mean grain size of 0.15 mm and had a plasticity index, PI, of 15.

Since Equations 4.5.1 and 4.5.3 do not include soil characteristics, they can only be used
for soils similar to the ones tested. Shear number expressions, that related scour to the
critical shear stress of the soil, were derived to have a wider range of applicability for
cohesive soils besides the one specific sandy clay that was tested. The shear number
expressions for circular culverts are:

(4.5.5)

and for other shaped culverts:

(4.5.6)

where:

py2/'rc is the modified shear number

y = outlet mean velocity (ft/sec)

~c = critical tractive shear stress (lb/ft2)

p = fluid density (lb/ft3)

ae = a/(.63) for hg, Ws, and Ls

ae = a/(.63)3 for Ys

The values of the coefficients a, /3, fJ, and ae in Equations 4.5.5 and 4.5.6 are presented
in Table 4.5.1. The critical tractive shear stress is defined as

•

'rc = 0.001 (Sv + 180) tan (30 + 1.73 PI) (4.5.7)

where Sv is the saturated shear strength in pounds per square inch and PI is the
Plasticity Index from the Atterberg Limits.

It is recommended that Equations 4.5.5 and 4.5.6 be limited to sandy clay soils with a
plasticity index of 5 to 16.

4.5.6
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Time of Scour. The time of scour is estimated based upon a knowledge of peak flow
duration. Lacking this knowledge, it is recommended that a time of 30 minutes be used

in Equations 4.5.1, 4.5.3, 4.5.5, and 4.5.6. The tests indicate that approximately 2/3 to
3/4 of the maximum scour occurs in the first 30 minutes of the flow duration.

It should be noted that the exponents for the time parameter in Table 4.5.1 reflect the

relatively flat part of the scour-time relationship and are not applicable for the first 30

minutes of the scour process.

Headwalls. Installation of headwalls flush with the culvert outlet moves the scour hole
downstream. However, the magnitude of the scour geometries remain essentially the

same as for the case without the headwall. The headwall should extend to a depth equal
to the maximum depth of scour.

Summarv. The prediction equations presented in this chapter are intended to serve along

with field reconnaissance as guidance for determining the need for energy dissipators at

culvert outlets. It should be remembered that the equations assume that grade control

exists whether it be manmade or natural and do not include long-term channel

degradation of the downstream channel. The equations are based on tests which were
conducted to determine maximum scour for the given condition and therefore represent

what might be termed worst case scour geometries. The procedure presented is from
FHWA HEC-14 "Hydraulic Design of Energy Dissipators for Culverts and Channels."

Design Procedure;

1. Perform a hydrologic analysis of the drainage in which the culvert is located

or to be placed. Estimate the magnitude and duration of the peak discharge.
Express the discharge in cfs and the duration in minutes.

The discharge intensity is

OJ. = Q/g% OS/ 2 for circular culverts flowing full

DJ. = Q/g% Ye5/2 for other shapes

where:

Ye = (A/2)%

4.5.7
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FOR COHESIONLESS MATERIALS. OR THE O.15mm SANDY CLAY:

2. Compute the discharge intensity when the culvert is flowing at the peak
discharge.

3. Determine scour coefficients from Table 4.5.1.

4. Compute the scour hole dimensions from

3 1h 5/2 f3 ()hs/Ye, Ws/Ye' Ls/Ye, or Ys/Ye = ae(Q/g Ye ) (t/316)

FOR OTHER COHESIVE MATERIALS WITH PI FROM 5 TO 16:

•

a.
b.
c.

d.

e.

f.

Compute the culvert outlet velocity in feet/sec.
Obtain a soil sample at the proposed culvert location.
Perform Atterberg limits tests and determine the plasticity index,
PI (ASTM D423-36).

Saturate a sample and perform an unconfined compressive test

(ASTM D211-66-76) to determine the saturated shear stress, Sv,
in pounds per square inch.

Compute the critical tractive shear strength, rc, from equation
4.5.7.

Compute the modified shear number py2/rc

•
3. Determine scour coefficients from Table 4.5.1.

4. Compute the desired scour hole di'mensions from

3 2 f3 ()hs/D, Ws/D, Ls/D, or Ys/D =a(Y Ire) (t/316)

for circular culverts

or

for noncircular culverts.

4.5.8

September 28, 1989

•



• B. Riprap Apron

Riprap aprons placed downstream of culverts provide protection against scour
immediately around the culvert as well as providing for the uniform spreading of the
flow and decreasing the flow velocity, thus mitigating downstream damages.

These riprap aprons may be designed as simple horizontal aprons as shown on Figure

4.5.2, with tapered sides of 2 to 1 for minimum tailwater and 5 to 1 for maximum

tailwater. Miminum tailwater is assumed when the tailwater depth is less than half the

culvert height. Maximum tailwater is assumed when the tailwater depth is greater than
half the culvert height. The total length of the basin should be:

•
where:

F

Lsb = D(8 + 17 log F), for minimum tailwater.

and

Lsb = D(8 + 55 log F), for maximum tailwater.

Lsb = length of scour basin, ft

= Froude number of flow at the culvert outlet

D = Culvert diameter or depth, ft.

(4.5.8)

(4.5.9)

•

When the Froude number is less than or equal to one, an apron length of approximately
eight (8) times the culvert diameter should be used. If the length of protection becomes

excessive another form of protection should be used as the outlet velocity exceeds the
design criteria for rock aprons. The correct size of riprap for this type of horizontal

apron is determined from: Figure 5.9 contained in Chapter 5 "Open Channels."

4.5.9
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ELEVATION

Figure 4.5.2

Recommended Configuration of Riprap Blanket

•

•

k = 2 for minimum tailwater
k = 5 for maximum tailwater

LSB = Length of scour basin, ft
D = Culvert diameter, ft.

dS = Riprap median diameter •
4.5.10



• 4.5.4 Design Examples

A. Scour Hole Computation Cohesionless Material

Determine the scour geometry--maximum depth, width, length and volume of scour-
for a proposed circular 30-inch C.M.P. discharging an estimated 50 cfs when flowing
full. The downstream channel is composed of a graded gravel material.

I. The duration of the peak discharge of 50 efs is not known. Therefore, a

peak flow duration of 30 minutes will be estimated.

2. The circular, 30-inch C.M.P. at 50 efs will have a discharge intensity of

DJ. =50/g1/2 (30/12)5/2 = 50/(5.67)(2.5)5/2 =0.89

3. The coefficients of scour obtained from Table 4.5.1 are:

•
Q /3 8

Depth of Scour 1.49 .50 .03

Width of Scour 8.76 0.89 .10

Length of Scour 13.09 0.62 .07

Volume of Scour 42.31 2.28 .17

4. Scour hole dimensions:

depth: hs/D = Q(Q/g1f2 D2.5l (t/316)8

= 1.49 (0.89)0.50 (0.09)·03; hs = 3.27 ft

width: Ws/d = 8.76(0.89)°·89 (.09).1°; Ws = 15.5 ft

Length: Ls = 13.09(0.89)0.62 (.09)·07; Ls = 25.72 ft

Volume: Vs = 42.31(0.89)2.28 (.09)·17; Vs = 335.79 ft3

•
4.5.11
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5. The location of the maximum scour (Figure 4.5.1)

0.4 (Ls) = .4 (25.72) = 10.3 ft downstream of the culvert

outlet

B. Scour Hole Computation Cohesive Material

Determine the scour geometry-maximum depth, width, length and volume of scour for
an existing circular 24-inch C.M.P. discharging an estimated 40 cfs when flowing full.
The downstream channel is composed of a sandy-clay material.

1. The duration of the peak discharge of 40 cfs is not known. Therefore, a
peak flow duration of 30 minutes will be estimated.

•

2. a. The average velocity at the culvert outlet is:

v = QIA = 40.0/3.14 = 12.74 fps

b-e. The sandy-clay material was tested and found to have a Plasticity

Index (PI) of 12 and a saturated shear strength (Sv) of 240 psi.

The critical tractive shear can be estimated by substituting into •
Equation 4.5.5.

TC =0.001 (240 + 180) tan (30 + 1.73(12»
0.001 (420) tan (50.76) = 0.51 Ib/ft2

f. The modified shear number Snmod = (pV2ITc) is:

Snmod = 1.94 (12.74)2 /0 .51 = 617.4

3. The experimental coefficients Ct,j3 and e from Table 4.5.1 are:

Ct f3 e
Depth .86 .18 .10
Width 3.55 .17 .07
Length 2.82 .33 .09

Volume .62 .93 .23

•
. 4.5.12
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•

•

•

4. The scour hole dimensions are:

hs/D = a.(py2j1'c'l (t/316)8

= .86(617.4)·18 (.09)·10; hs = 2.14 X 2 = 4.30 ft

Ws/D = 3.55(617.4)·17 (.09)·07; Ws = 8.94 X 2 = 17.9 ft

Ls/D = 2.82(617.4).33 (.09)·09; Ls = 18.92 X 2 = 37.8 ft

Ys/D3 = .62(617.4)·93 (.09).23; Ys = 140.3 X 8 = 1122.5 ft3

5. Location of maximum depth of scour (Figure 4.5.1)

0.4 Ls = 0.4(37.8) = 15.1 ft downstream of culvert outlet

4.5.13
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S.l

CHAPTERS

OPEN CHANNELS

GENERAL

An open channel is a conveyance in which water flows with a free surface and may be
natural or artificial. Natural streams usually consist of a normal or low flow channel and
adjacent floodplains. For purposes of this guideline, the term open channel will include the
total conveyance facility, floodplain and stream channel.

Open channel hydraulics is of particular importance to design because of the
interrelationship of channels to street drainage and urbanization drainage. In the hydraulic
analysis and design of bridges and culverts, open channel hydraulic principles are utilized
to evaluate the effects of proposed structures on water surface profiles, flow and velocity
distributions, lateral and vertical stability of the channel, stream regime, flood risk, and the
potential reaction of channels to changes in variables such as urbanization, structure type,
shape, location, and scour control measures.

The hydraulic design process for open channels consists of establishing criteria, developing
and evaluating alternatives, and selecting the alternative which best satisfies the established
criteria. Elements that should be considered in the design process include capital investment
and probable future costs, such as maintenance and flood damages to properties; traffic
requirements; and the stream and floodplain environment.

Open channel design can be quite complex, requiring both specific education and extensive
experience; however, when provided with specific procedures and criteria many urban
applications can be successfully designed by engineers with substantially less experience. The
subject of this chapter is channel design for common urban applications that include
roadside channels, channels within developments, and existing channels in urban areas or
urbanizing areas that can be analyzed as "rigid". Occasionally, channel design of movable
bed and non-rigid channels will be required. These are complex, and specific design aids
and descriptions of design are not included in this Manual. For these applications,
engineers qualified in open channel design should undertake the design. Check lists of the
requirements and resources to be used for the more complex channel designs are included
in Section 5.5, Design Procedures.
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5.1.1 Urban Open Channels

Urbanization causes increases in both the volume and the rate of runoff. Current practice
in Maricopa County utilizes storm sewers and open channels to convey stormwater to
detention or, more commonly, retention facilities. This practice substantially reduces
impacts from natural occurring storms; however, the volume of runoff carri~d by natural
streams will increase. The result can be·a change in the overall stability of both natural and
artificial channels. The analysis of these effects are outside the scope of this Manual;
however, a discussion of these effects is included in Section 5.5, as well as a check list of
technical matters to consider and a list of references which supports the check list.

When land is developed, runoff from urban areas is concentrated to control stormwaters
and provide a healthy environment. Even for small basins, concentrated runoff cannot
simply be turned loose on adjacent grounds. Such action will result in erosion and the
creation of a "new" urban channel; therefore, planning and design for urbanization needs
to include final disposition of newly created runoff from a development site. It is important
to note that interfaces between natural and artificial channels are critical and require
specific attention during design. In addition, sediment management and stream
geomorphology are critical to both natural and artificial channels.

The preceding discussion simply illustrates a few requirements for design of urban channels.
On larger scales, the designer may be faced with analysis or design of "non-rigid" channels;
however, many urban applications employ "rigid channel" design concepts in order to gain
sufficient control of urbanized storm waters, often within a limited right of way. Rigid
channel design is the subject of this Manual.

5.1.2 Floodplains

•

•

Maricopa County has floodplains resulting from natural channels as well as those that are
created, or expanded, due to urbanization. Some of these floodplains have been identified
and are being regulated by individual local governments, county agencies, the Arizona
Department of Water Resources (ADWR), and the Federal Emergency Management
Administration (FEMA). The Flood Control District and most other communities issue
floodplain use permits for activities within the FEMA floodplain, and drainage permits for
activities located outside ofFEMA floodplains. This system has evolved due to two separate
statutory authorities resulting in two separate regulations. When developing designs in
floodprone areas be aware that even though the project is located in what a geomorphologist
would classify a floodplain, if the floodplain is not mapped and published by FEMA from
a regulatory standpoint this use may require a drainage permit and not a floodplain permit. •
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Regulation of floodplains has been undertaken by authority contained in the National Flood
Insurance Program. Engineers designing open channels or analyzing floodplains are faced
with the provisions of the program; therefore, the following short description of the program
and its requirements is included.

Special Flood Hazard Areas (SFHA) have been delineated on Flood Insurance Rate Maps
(FIRMs) which can be obtained from the Flood Control District of Maricopa County. The
IOO-year flood boundaries, flood insurance rate zones, and regulatory flood elevations are
shown on the FIRMs. All new development and significant modifications to existing uses
must be approved by the entity responsible for regulating floodplains in the channel reach
in which the development or modifications is to occur.

In instances where there is insufficient detail to accurately depict the floodplain and the
various zones or when changes to existing conditions occur, a map revision process can be
utilized;· The revision process includes a Letter of Map Revision (LOMR) or a Letter of
Map Amendment (LOMA). While procedurally similar, new data that shows old studies to
be in error or that conditions have changed are addressed in a LOMR. Changes to FIRMs
resulting from exclusion of individual structures and undeveloped parcels are described in
aLOMA.

If construction is proposed on land within a SFHA, a conditional LOMA or LOMR may
be sought from FEMA showing that the proposed structural information meets the
established criteria for a standard LOMA or LOMR. After completion of the project,
certified record drawing information must be submitted to FEMA to obtain an accepted
LOMA or LOMR. Conditional LOMA's and LOMR's do not amend the FIRM nor do they
waive the requirement to purchase flood insurance.
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5.2 ARTIFICIAL CHANNELS

5.2.1 General

Artificial open channels are utilized in drainage for a wide variety of applications. The
applications vary in scale from modest roadside ditches and on-site drainage to large
conveyance facilities that can be several hundred to several thousand feet wide. In addition,
channel linings heavily influence other physical characteristics of open channels.

•

Rigid grade control is a requirement for use of this section of the Manual.

The scope of this Manual covers the more commonly encountered open channel design
applications by civil engineers who do not possess special design skills in open channel
hydraulics. Applications involving rivers and large washes or channels, which are considered
as non-rigid, require special design skills, and the design of these channels should not be
attempted with the design techniques contained in this Manual. Determination of the need
for additional design skills will be made by the Flood Control District of Maricopa County
and the local authority(s) having jurisdiction.

A. Definitions •
Aggradation - A progressive buildup or raising of the channel bed due to sediment
deposition. Permanent or continuous aggradation is an indicator that a change in the
stream's discharge and sediment load characteristics is taking place.

Alluvium - Unconsolidated material deposited by a stream in a channel, floodplain, alluvial
fan, or delta.

Armor - Surfacing of channel bed, banks, or. embankment slope to resist erosion.

Basin Sediment Yield - The total sediment outflow from a watershed or a drainage area at
a point or reference and in a specified time period. This outflow is equal to the sediment
discharge from the drainage area. .

Bed Material - Material found on the bed of a stream (may be transported as bed load or
in suspension).

•
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Bed Sediment Discharge - The part of the total sediment discharge that is composed of
grain sizes found in the bed and is equal to the transport capability of the flow.

Channel Failure - Sudden collapse of a channel due to an instable condition, such as the
removal of a bank by scour.

Channel Reach - A segment of stream length that is arbitrarily bounded for purposes of
study.

Channel Stabilization - Methods of achieving slope and cross-section which allow a channel
, to transport the water and sediment delivered from the upstream watershed without
aggradation or streambank erosion.

Check Dam- A low dam or weir across a channel, for the diversion of irrigation. Also' used
herein for a low dam to control stream gradient, typically associated with small streams or
the low flow channel of a floodplain or other channel.

Critical Depth - The particular depth of flow in an open channel with a given discharge at
which the specific energy is at a minimum; i.e., the depth at which a given discharge flows
in a given channel with a minimum specific energy. The given discharge may flow at an
alternate depth above or below critical in the given channel but the specific energy of the
flow at either alternate depth will be greater than for flow at critical depth.

Critical Flow - Flow at critical depth.

Degradation (bed) - A progressive lowering of the channel bed due to scour. Permanent
or continuing degradation is an indicator that a change in the stream's discharge and
sediment load characteristics is taking place.

Design Discharge - Maximum flow a bridge or channel is expected to accommodate without
contravention of the adopted design constraints.

Dischar~e - Volume of water passing through a channel during a given time.

Draina~e Basin - Any watershed or runoff catchment area.

Draina~eway - A route or watercourse along which storm runoff moves, or may move, to
drain a catchment area.

November. 1989 5.5



Ener~ Grade Line (EGL) - An inclined line representing the total energy of a stream •

flowing from a higher to a lower elevation. For open-channel flow the energy grade slope
is located a distance of V2j2g above the water surface (V=velocity and g= acceleration due
to gravity).

Erosion - Displacement of soil particles on the land surface due to water or wind action.

Eguilibrium - The state of balance of natural channels between hydraulic forces or actions.
Equilibrium occurs when the streambed has achieved a graded condition when the slope and
energy of the stream are just sufficient to transport material delivered to it. Natural
channels which have small changes resulting from periods of low and high flows are
considered in equilibrium;

Filter - Layer of fabric, sand, gravel, or graded rock placed, or developed naturally where
suitable in-place materials exist, between the bank revetment and soil for one or more of
three purposes: to prevent the soil from moving through the revetment by piping, extrusion,
or erosion; to prevent the revetment from sinking into the soil; and to permit natural
seepage from the streambank, thus preventing buildup of excessive hydrostatic pressure.

Filter Blanket - A layer of graded, intermediate-size gravel laid between fine-grained •
material and riprap, to prevent wash-out of the finer material.

Filter Fabric - Fabric of synthetic plastic strands that serves the same purpose as granular
filter blanket.

Fine Sediment Load (or Washload) • That part of the total sediment load that is composed
of particle sizes finer than those represented in the bed. Normally, the fme-sediment load
is finer than 0.062 mm for a sand-bed channel. Silts, clays and sand could be considered as
washload in a coarse gravel and cobble bed channels.

Floodplain· Floodprone area is identified on FEMA flood insurance rate maps generally
containing a floodway fringe district and floodway district, or areas of land adjoining or near
the channel of a watercourse which have been, or may be, covered by floodwaters; and which
function as temporary channels or reservoirs for overbank flows.

Floodway • A specific regulatory district within the floodplain as identified on FEMA flood
hazard boundary maps, or the channel of a river or other watercourse and the adjacent land
area necessary to discharge the 100-year flood without cumulatively increasing the water

•
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surface by more than one foot and without creating hazardous velocities of floodwaters..
Normally utilized only when developing long reaches of floodplain mapping.

Freeboard - The vertical distance above a design stage that is allowed for waves, surges, and
drift, and other contingencies.

Flood Fringe - A regulatory district within the floodplain but outside the floodway district.

Froude Number - A dimensionless number (expressed at V/(gy)O.5 that represents the ratio
of inertial to gravitational forces. High Froude Numbers can be indicative of high flow
velocity and scour potential. .

Gabion Basket (or Wire-Enclosed Basket) - A basket or compartmented rectangular
container made of steel wire mesh. When filled with cobbles or rock of suitable size, the
gabion becomes a flexible and permeable block with which flow-control structures can be
built.

Geomorphology - That branch of both physiography and geology that deals with the form
of the earth, the general configuration of its surface, and the changes that take place due
to erosion of the primary elements and in the buildup of erosional debris.

Grade Control Structure (sill. check dam) - A structure placed bank to bank across a
stream channel (usually with its central axis perpendicular to flow) for the purpose of
controlling bed slope and preventing scour or head-cutting.

Headcutting - Channel bottom erosion moving upstream through a basin indicating that a
readjustment of the basin's slope and its stream discharge and sediment load characteristics
is taking place. Head-cutting is evidenced by the presence of waterfalls or rapidly moving
water through an otherwise placid stream. Head-cutting often leaves streambanks in an
unstable condition as it progresses through a reach.

Hydraulic Jump - The hydraulic jump is an abrupt rise in the water surface which occurs
in an open channel when water flowing at supercritical velocity is retarded by water flowing
at subcritical velocity. The transition through the jump results in a marked loss of energy,
evidenced by turbulence of the flow within the area of the jump. The hydraulic jump is
often used as a means of energy dissipation.

Hvdraulic Radius - The cross-sectional area of a stream divided by its wetted perimeter.
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Hydraulic Structures - The facilities used to impound, accommodate, conveyor control the •
flow of water, such as dams, weirs, intakes, culverts, channels, and bridges.

100-Year Flood - A flood stage or height that, statistically, has one percent chance of being
equaled or exceeded in any given year. The 100-year flood is often referred to as the base
flood.

Incised Reach - The stretch of river with an incised channel that only rarely overflows its
banks.

Incised Stream - A stream that flows in an incised channel with high banks. Stream banks
that stand more than 15 feet above the water surface at normal stage are regarded as high
banks.

Launching - Release of undercut material (stone riprap, rubble, slag, etc.) downslope; if
sufficient material accumulates on the streambank face, the slope can become effectively
armored.

Local Aggradation - Aggradation in a channel or on a floodplain that is localized at a pier,
abutment, or other obstruction to flow. •

Local Scour - Scour in a channel or on a floodplain that is localized at a pier, abutment, or
other obstruction to flow.

Low Flow Channel - A channel within a larger channel which typically carries low and/or
normal flows.

Mattress - A covering of concrete, wood, stone or other material used to protect a
streambank against erosion.

Meandering Channel - A channel exhibiting a characteristics process of bank erosion and
point bar deposition associated with systematically shifting meanders.

Median Diameter - The particle diameter at the 50 percentile point on a size distribution
curve such that half of the particles (by weight for samples of sand, silt or clay and by actual
measurement for samples of gravel and riprap) are larger and half are smaller.

RegulatOl)' Flood - (for purposes of this section) The estimated 100-year peak discharge as
published by FEMA, or a 100-year flood with a peak discharge of 100 cubic feet per second •
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(cfs), or greater. Note that this definition does not alleviate a site designer from responsible
design for flows less than 100 cfs but alleviates the requirement for the level of detail
suggested in this section.

Regulatory Floodglain - Any portion of a floodplain, as well as any areas which are subject
to sheet flooding, that would be inundated by a regulatory flood.

Rigrap Toe Protection - In the restricted sense, layer or facing or broken rock or concrete
dumped or placed at the toe of a channel to protect a structure or embankment from
erosion; also the broken rock or concrete suitable for such use. Riprap has also been
applied to almost all kinds of armor, including wire-enclosed riprap, grouted riprap, sacked
concrete, and concrete slabs.

Roughness Coefficient - Numerical measure of the frictional resistance to flow in a channel,
as in the Manning or Strickler formulas.

Runoff - The portion of precipitation on land that ultimately reaches streams; especially
water from rain or melted snow that flows over the ground surface.

Scour - Erosion due to flowing water; usually considered as being localized as opposed to
general bed degradation.

Sediment (or Fluvial Sediment) - Fragmental material transported, suspended, or deposited
by water.

Sediment Discharge - The quantity of sediment that is carried past any cross section of a
stream in a unit of time. Discharge may be limited to certain sizes of sediment or to a
specific part of the cross-section.

Sloge Paving - Covering of a channel bank or bed with stones or concrete.

Soil-Cement - A designed mixture of soil and portland cement compacted at a proper water
content to form a veneer or structure which when placed on a streambed can prevent
erOSIOn.

Streambank Erosion - Removal of soil particles from a bank surface due primarily to water
action. Other factors such as weathering, ice and debris abrasion, chemical reactions, and
land use changes may also directly or indirectly lead to streambank erosion.
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Streambank Protection - Any technique used to prevent erosion or failure of a streambank. •

Subcritical and Supercritical Flow - Open channel flow conditions with Froude Number
respectively less than and greater than unity.

Subgrade Erosion - Erosion of the material underlying that portion of the stream bed which
is subject to direct action of the flow.

Thalwe~ - The line extending down a channel that follows the lowest elevation of the bed.

Total Sediment Dischar~e - The sum of suspended sediment discharge and bedload
discharge or the sum of bed material discharge and washload discharge of a stream.

Uniform Flow - Flow of constant cross-section and average velocity through a reach of
channel.

Weep Hole - A hole in an impermeable wall or revetment to relieve the neutral stress or
porewater pressure.

A master drainage plan describes in detail the recommended plan for drainage and the
course of action for implementation. It shows sizes, types and location of drainage facilities
on maps in sufficient detail to allow for planning new development [and basin wide
management of drainage].

B. Master Draina~e Plan •
According to the "Uniform Drainage Policies and Standards for Maricopa County, Arizona,"
it is vitally important that planning proceed development and master drainage planning shall
be carried out in the earliest stages of the planning process. Each agency shall submit to
the District one copy of each draft and final drainage report it receives for any development
larger than 160 acres [or that has a drainage facility coursing through or adjacent to the
development that, when combined· with the development site, exceeds 160 acres]. In
addition, according to the Policies and Standards, basin wide master drainage planning by
the agencies is necessary.

Master drainage planning can be encountered on both basin wide and local scales. [When
undertaking a basin wide plan, it is incumbent on the designer to undertake comprehensive
evaluation of practical alternatives that result in the most cost effective solution for the
general public. Modifications can result from land-use driven decisions that are more •November, 1989 5.10
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costly; however, these additional costs are considered "developer costs" by most agencies.
When preparing master drainage plans for local development, the designer shall illustrate
conformance with basin wide master drainage plans, where they exist, or that the plan will
not cause extraordinary costs to the Agency and the District to provide for basin wide
drainage.]

. The master planning process begins with the conceptual layout of the drainage system, which
includes both large and small drainage facilities. In many areas about to be urbanized, the
runoff has been so minimal that natural channels do not exist. However, surface depressions
normally exist and will provide an excellent basis for the initial siting of open channels. This
condition is also true for open channels that are to be used primarily for road or highway
drainage. To reduce drainage costs and to increase overall land utilization, land planners
should be encouraged to use minimal depressions as a basis for land planning. In some
cases, wise utilization of natural water routes in a development will reduce the extent of an
underground storm sewer system. In master planning, it is critical to identify channel grade
controls, or the lack thereof, in existing systems or where they are required in proposed
channels.

Based on costs, secondary uses of drainage facilities, safety, and performance over ranges
of operations, master plans illustrate selected alternatives, including the footprint of facilities
or land uses, approximate sizes, and physical impact on the land. General requirements for
structures and their overall size and impact are also determined; however, detailed'selection
of structure types, sizing of riprap, structural design, and selection and detailing peripheral
elements (inlets, trash racks, fencing, etc.) are completed in later phases. To be effective,
master planning must be developed using realistic criteria, both in the conceptual design
levels where alternative analyses are normally completed, and in the actual preparation of
the master plan. These criteria are listed in Section 5.2.3, "Design of Artificial Channels."
If it is desired to utilize different values than those listed in Section 5.2.3, more detailed
design and greater design skills are required, which is outside the scope of this Manual.
Regardless, the criteria listed are considered to be minimum values and conditions will exist
that require a more conservative approach. When such conditions occur the design is
responsible for the use of more conservative criteria, as may be required for any project.

C. Route Considerations

Open channel failures frequently result from poor layout of surrounding land during the
planning process. Without consideration of hydraulic parameters during the earliest phases
of planning, unsafe conditions are likely to result and often, facility and maintenance costs
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are excessive. A typical example of a safety problem is a high velocity channel being •
required in a residential area.

All natural channels are in a constant state of change. Natural channels that have small
changes resulting from periods of low flows and periods of relatively high flows are
considered in equilibrium. The ideal artificial channel is one that approximates a natural
channel, in equilibrium, or one which has been carved over a long period of time. These
channels do not have excessive velocities, and are without sharp and reverse curvatures and
closely spaced curves. Artificial channels should be aligned with the entrances and exits to
and from hydraulic structures. In all cases, the issue of wet and dry weather safety should
be a paramount consideration in route and rights of way determinations.

Larger natural channels have low flow channels contained within the bottom width. To
provide low cost maintenance, the artificial open channels should be stable for both lower
and higher flow rates, which may require some consideration of low flow channels to prevent
accumulations of silt and reduction of stream capacity. The route should permit the use of
uniform, stable channel side slopes; permit the maintenance of subcritical flow; and maintain
constant channel properties such as width, side slopes, and depth. This condition is
sometimes difficult to achieve, which can result in channels that are likely to move and result
in ongoing risk and continuous maintenance.

5.2.2 Choice of Channel

The choices of channel properties available to the designer are almost infinite, and depend
upon good hydraulic practice, environmental design, sociologic impact, basic project
requirements, recognition of risks involved, and maintenance. However, from a practical
standpoint, the basic choice to be made initially is whether or not the channel lining is
concrete for higher velocities, soil cement, rock or earth. In some instances, a grass lining
is appropriate.

The actual choice must be made upon a variety of multi-disciplinary factors and complex
considerations which include, among others:

•

•
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Hydraulic
Slope of thalweg
Right of way
Stream bed controls· bed stability
Capacity needed
Basin sediment yield and channel transport capacity
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Topography
Ability to drain adjacent lands
Geotechnical
Groundwater levels and groundwater recharge

Structural
Costs
Availability of material
Areas for excavation materials (spoil sites)

Environmental
Neighborhood character
Neighborhood aesthetic requirements
Need for new green areas
Street and traffic pattern
Municipal or District policies/ordinances
Need for open space

Sociological
Neighborhood social patterns
Neighborhood children population
Pedestrian traffic
Recreation needs

•

A. Description of Channel Types

Artificial channel types can vary with the shape of the section and with the lining used for
the channel bottom and banks. Typical channel lining types include concrete, soil cement,
rock, earth (natural), and grass. These linings can be used solely or in combination with
other linings. Typical linings and sections are shown in Figure 5.1.

It can be noted that some of the sections show an optional low flow channel, which will be
discussed in a later section; however, compound sections that are larger than a low flow
channel may be desirable simply from the aspect of incorporating hiking trails and other
recreational activities.
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Concrete-lined Channels.
Concrete-lined channels are used primarily where right of way is limited. The
channels may be designed for either subcritical or supercritical flow, and because
their normal use for limited right of way, concrete channels have generally steep side
slopes. Inherently, these channels present greater personal safety problems both in
wet and dry weather (see the discussion ofthis subject in the section on safety). In
addition, supercritical flows present greater problems to the designer in the design
of the channel and in the design of appurtenances such as bridges and culverts.
Channels flowing in supercritical flow require special attention to construction joint
details, changes in channel alignment, transitions, and at the interface with all
hydraulic structures.

Use of concrete-lined channels is discouraged in residential and recreation areas.
If concrete channels are needed in these areas, fencing will probably be required to
preclude access.

Concrete-lined channels require reinforcing steel and minimum concrete thicknesses
dictated by anticipated structural loads and the clearance requirements of steel
reinforcing. It is not recommended that non-reinforced concrete be used for open
channels. In addition, concrete-lined channels require weep holes and/or subdrains
to prevent uplift damages. From Figure 5.1 and Figure 5.2 it can be noted that the
top of the concrete is tied into the ground. This detail is required to prevent erosion
caused by water entering the channel laterally, eroding the soils behind the concrete,
and damaging the lining. Several instances ofchannel failure in the Maricopa County
area have occurred due to the lack of a tie-in detail at the top of a concrete channel
lining. Figure 5.2 provides details for key-ins required for concrete, shotcrete and
soil cement channels.

Soil Cement
Soil cement linings have been used successfully in the Maricopa County area and are
composed of a thick lining of soil cement without reinforcing. Soil cement is subject
to weathering, including erosion, and may not have good life cycle traits when used
in the bottom of channels. The side slopes can be steep; therefore, the same
restrictions for concrete-lined channels should be placed on the use of soil cement
channel types when they are used in residential and recreation areas.
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With the possible exception of channel bottoms, soil cement can withstand higher
velocities than some of the lining types. It is most likely to be used for channels with
limited and restricted rights of way or as bank linings near bridges and culverts where
ambient stream velocities tend to be higher than the average velocity within a channel
reach. If soil cement is to be used in conjunction with an earthen or grass-lined
channel bottom, control of channel grade and scour must be incorporated into the
design of the channel.

Rock-lined Channels
This class of lining includes both common riprap and gabion riprap linings. In
general, both of these types will require a gravel-fIlter layer and/or fIlter fabric be
placed between the rock layer and the natural ground. Excluding applications for
hydraulic structures, gabion riprap is normally used when rock of sufficient size for
common riprap is unavailable, poorly shaped, and/or overly expensive for a project.
Because of weathering and vandalism, it is ill-advised to use gabion riprap or to place
gabion riprap on slopes steeper than common riprap would be placed (see Section
5.4).

Riprap channels should be designed for subcritical flow; however, because the
permissible side slopes are steeper (3 horizontal: 1 vertical) than allowed for either
grass-lined or earth-lined channels, riprap-lined channels will normally be used in
areas with restricted right of way. These channels will flow in the subcritical range
and the rough texture may permit an individual to exit from the channel during flows,
potentially permitting lesser safety requirements than for a typical concrete-lined
channel. Design around hydraulic structures may be less restrictive. Use of toe rock
with riprap side slopes can work successfully in combination with earth-bottom
channels. This channel is much less prone to move than with totally earth-lined
channels. Non-rigid design techniques must be utilized when earth channel bottoms
are combined with riprap sides. The riprap toe protection (toe rock) should be
designed to protect against anticipated scour as shown in Figure 5.13a.

Earth-lined Channels
This category includes both bare earth and naturally vegetated channels in Maricopa
County. Subsequent to construction, some revegetation will naturally occur, or
landscaping practices may be used to establish growth of indigenous plant materials.
For Maricopa County, this growth will be desert-like, with few grasses and a sparse
spacing of other plant materials.
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Earth-lined channels are designed for subcritical flow ranges. The width to depth

ratios are large, the side slopes are flatter than 4 horizontal : 1 vertical, and grade
control is a requirement of the design. The smaller-size range of these types of
channels do not require low flow channels; however, for larger-sized channels and

for channels used for pedestrian corridors, an armored low flow channel may be
required to achieve effective, low-maintenance channels. Riprap toe protection may
be used to increase channel stability.

• Grass-Lined Channels
These channels have similar properties to earth-lined channels; however, the root
structure of the grass permits higher flow velocities and smaller sections.
Non-irrigated, grass-lined channels will revert to earth-lined channels; therefore, all
references to grass-lined channels will be for irrigated grass.

Due to water conservation, grass-lined channels are most likely to be used as part
of landscaping for smaller development tracts and as part of local and regional park
schemes where multiple use activities are included.

B.

A full discussion of safety is contained in Chapter 4, Section 4.3, "Culverts". Relative to

open channels, it may be necessary to provide Category I safety devices, primarily fencing,
in order to preclude wet and dry weather access to drainage facilities that can be hazardous.

Except as subsequently provided, fencing will be required for all new concrete, shotcrete,
and soil cement lined channels with side-slopes steeper than 4:1 that meet a Class A hazard
as defined in Chapter 4, Table 4.2. Subcritical concrete, shotcrete, and soil cement lined
channels having depths and bottom widths less than 3 feet and 5 feet, respectively, will not
require fencing. Fencing may be required by individual entities regardless of the conditions

listed in this Manual.

C. Low Flow Channels

Because of the potential for long-term channel aggradation, base flows and sometimes crop
irrigation return flows may require specific consideration. Waterways, which are normally
dry, often have somewhat continuous low flows after urbanization because of lawn irrigation
and other outside uses of water, including crop irrigation return flows for developments on

the edge of urbanizing areas. The Maricopa County region is generally typified by low

•

•
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5.2.3

groundwater tables, porous surface materials and limited irrigation, which tend to reduce
low flows and short-term problems of aggradation and wet channel bottoms.

Base flows for larger drainage basins can be a significant stability and maintenance problem
for earth or grass bottomed channels. In this discussion, base flows can be considered as
flow rates that are less than the five or 10 year storm events. If grass and earth channels
are too wide, the low flows will tend to incise a channel within the bottom, giving rise to
both higher maintenance requirements and more channel instability when larger storms
occur. Because flows of sufficient size to cause a low flow channel to form may not occur
for several years, the magnitude of this problem may not be observed for several years.

When calculations illustrate the need for low flow channels, it is important to provide for
notches in hydraulic structures to pass low flows. Without this provision, the low flows will
not be confmed and local aggradation may lead to failure of hydraulic structures and
channels.

Design of Artificial Channels

The approach to design in this Manual is to provide a Simplified Design Procedure for
normally encountered design problems in open channels. When a condition is encountered
that is beyond the scope of t~is simplified procedure, an increase in the detail of analysis
is required. Section 5.5, "Design Procedures," includes design check lists for artificial and
natural channels. The basis of the check lists is for the designer to address the probable
important factors on each assignment. For common, controlled conditions encountered in
many design problems, there are simplified approaches to design that can be utilized;
however, when a condition occurs that requires a higher level of technical approach, the
design procedures require engineers qualified in open channel design techniques and more
complex procedures.

The information contained in this section is to be utilized as the designer proceeds through
the check list items. As often noted in this Manual, the intent is to provide design
approaches and support for the most commonly encountered conditions. For more complex
problems, a complete check list and recommended minimum references to support the check
list are included in this Manual (Section 5.5) to assist a qualified designer, especially those
facilities involving significant sediment transport issues or complex hydraulic structures for
grade control and/or energy dissipation.
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A. Design Criteria for Simplified Design Procedure •
This section of the chapter addresses properties of channel cross sections. Methods of
calculating channel bottom slope, hydraulic depths and other hydraulic characteristics follow.

In general, the hydraulic design of drainage channels is not a simple procedure. The
potential channel size range for the application of the design parameters is large, ranging
from 5 or 10 cfs to several thousand cfs. Design frequencies may vary from 2 to 100 years,
and it is apparent that the consequences of success or failure can be wide ranging.

The parameters listed in this section should be assumed as minimum values to be
considered. In each design case, requests can be made to the Agency to adjust the criteria
in Table 5.1 when accompanied with specific detailed design that is performed by a
competent registered engineer using the long-form design procedure (check list) outlined
in Section 5.5. Conversely, in the course of design, conditions may be found that require
more stringent criteria be applied. In the latter instance, the designer should use the more
restrictive procedures and criteria.

Table 5.1 contains the channel properties to be utilized by designers of open channels using •
the Simplified Design Procedure. It should be noted that the channel properties change
with the design discharge, which is a result of the hydraulic characteristics of open channels.
As the design discharge increases, rigid channel design becomes increasingly more difficult
to achieve. Both safety consideration and the forces of water combine to demand greater
and greater design skills as the design discharge increases.

B. Hydraulics of Open Channels

For a relatively long, straight, and uniform channel, normal depth (i.e., uniform flow)
calculations can be used to determine the discharge capacity at varying depths for a constant
cross-sectional area. However, practicing engineers working in an urban environment will
rarely encounter either existing conditions or design conditions where uniform flow
calculations are adequate to totally define the flow conditions associated with a given
discharge. Transition sections, channel junctions or confluences, channel bends, and
hydraulic structures (e.g., culverts and bridges) can create major or minor deviations from
uniform flow conditions. Therefore, the engineer must consider these deviations, which are
covered in other sections and chapters of this Manual, when designing or analyzing drainage
channels.
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• Uniform Flow
For a given channel condition of roughness, discharge, and slope, there is only one
possible depth for maintaining a uniform flow. This depth is the normal depth.
When roughness, depth and slope are known at a channel section, there can only be
one discharge for maintaining a uniform flow through the section. This discharge
is the normal discharge.

If the channel is uniform and resistance and gravity forces are in exact balance, the
water surface will be parallel to the bottom of the channel. This is the condition of
uniform flow; however, uniform flow is more often a theoretical abstraction than an
actuality. The engineer must be aware of the fact that uniform flow computation
provides only an approximation of what will occur; however, such computations are
useful for planning.

The normal depth is computed so frequently that is convenient to use special graphs
for various types of cross sections to eliminate the need for time consuming trial and
error solutions (see Section 5.6, Figure 5.14).

For natural channels and for compound artificial channels, it will normally be
necessary to apply the Manning's Formula (Equation 5.1) to sections of the channel

.which have similar properties.

The Manning Formula is:

Q=(1.49/n) AR2
/
3 So'h

where:
Q = Discharge (cfs),
n = Manning roughness coefficient (See Section 5.6),
A = Cross sectional area of flow (ft),
P = Wetted perimeter (ft),
R = Hydraulic radius = A/P (ft), and

So = Channel bottom slope (ft/ft).

(5.1)
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Because of variable channel cross sections and channel properties, uniform flow
computations are rarely used solely as the basis for open channel design. Normally,
a designer will use these values for conceptual level decisions. Decisions relative to
pre~inary and fmal design requirements should be made through the use of
backwater determinations (see Section 5.3).
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TABLE 5.1 •ARTIFICIAL CHANNEL PROPERTIES

MAX SIDE MAX MIN+ MAX
TYPE OF DEPTH SLOPES VELOCITY FREEBOARD FROUDE
CHANNEL BOTIOM (ft) (H:V) (fps) (ft) NO.

SMALL CHANNELS
Q < 1,000 cis

Concrete/Shotcrete 3 2:1 8.5· 1.0 0.95
Soil Cement 3 2:1 8.0 1.0 0.95

Riprap 3 3:1 8.0 1.0 0.80
Grass 3 4:1 7.5 1.0 0.8
Earth 2.5 4:1 5.0 1.0 0.6

MEDIUM CHANNELS
1,000 cfs < Q < 4,000 cfs

Concrete/Shotcrete 8 2:1 12.0· 2.0 0.95
Soil Cement 8 2:1 12.0 2.0 0.95

Riprap' 6 3:1 12.0 2.0 0.8
Grass 4 4:1 7.0 1.0 0.8
Earth" 3 4:1 5.0 1.0 0.6

LARGE CHANNELS •Q > 4,000 cfs

Concrete/Shotcrete 10 2:1 15· 3.5 0.95
Soil Cement N/A

Riprap 10 3:1 14 3.0 0.80
Grass N/A
Earth N/A

+ See Equation 5.2

* Max Velocity = 20 fps for supercritical flow. Froude Numbers for supercritical flow shall be greater
than 1.15 and less than 2.0.

**Compound sections may be required for discharge greater than 2,000 cis.

The criteria listed in this table are minimum levels. The designer is responsible to determine adequacy
of criteria for each specific application. For design of lining materials, a subsurface drainage analysis
may be required by the Flood Control District and/or other regulating agencies.

•
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• • Critical Flow
Critical flow in an open channel or covered conduit with a free water surface is
characterized by several conditions. They are:

The specific energy is a minimum for a given discharge.

The discharge is a maximum for a given specific energy.

The specific force is ~ minimum for a given discharge.

The velocity head is equal to half the hydraulic depth in a channel of small
slope.

h" = y 2/2g = Yn/2 (5.2)

where:

h" = Velocity head (ft),
Y = Average velocity of section (fps),

• Yn = Hydraulic depth = A/T (ft),
A = Cross sectional area of flow (ff),
T = Top width (ft), and
g = Acceleration due to gravity (ft/se2).

The Froude Number is equal to 1.0.

F = Y/(gYn)o.s (5.3)

where:
F = Froude Number,
V = Average velocity of section (fps),
g = Acceleration due to gravity (ff/sec), and
Yn = Hydraulic depth = A/T (ft).

Specific energy is computed from the following equation:

E = Y + y 2/2g (5.4)
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where:

E
Y
y

g

=
=

=

=

Specific energy
Depth of flow (ft),

Average velocity of section (fps), and
Acceleration due to gravity (ft/ser:?).

•
Specific force is determined from the equation:

(5.5)

where:

Fs =

Q =

A =

Y =

g =

Specific force
Discharge (cfs),

Cross sectional area of flow (fr2), and

Distance from water surface to the centroid of the section (ft),
and

Acceleration due to gravity (ft/ser:?).

If the critical state of flow exists throughout an entire reach, the channel flow is •
critical and the channel slope is at critical slope, Sc. A slope less than Sc will cause
subcritical flow.

Yelocities will not generally exceed the critical velocity in natural, earth, grass-lined
or riprap channels. When the flow conditions reach the unstable critical flow, the
channel roughness increases and tends to impede development of velocities greater

than the critical value. It is at this point where channel sediment transport capacity
(and erosion) greatly increase; therefore, artificial channels (except concrete-lined)
should be designed with a Froude number less than 0.8. A flow with a Froude
Number greater than 0.8 is not stable.

In the design, if the depth is found to be at or near critical, the shape or slope should
be changed to achieve greater hydraulic stability. For critical flow:

November, 1989

where:

=

=
=

y 2/2g = Yc/2

Average velocity of section (ft/sec),
Acceleration due to gravity (ft/ser:?), and

Critical depth of flow (ft).
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• If Q/A is substituted for V, the equation may be written as:

where:

Fe
Q

g

=
=
=

Section factor at critical depth,
Total discharge (cfs), and
Acceleration due to gravity (ft/sec2).

(5.7)

Since Fe is a function of depth, the equation indicates .there is only one
possible critical depth for maintaining a given discharge in a given channel.
In addition, the section factor, Fe' is also dermed as:

Equations 5.7 and 5.8 are useful tools for the computation and analysis of critical
flow in an open channel. When the discharge is known, the equation gives the
critical section factor, Fe, and, hence, the critical depth, Ye.

•
=
=
=

F = AY°.se e

Section factor at critical depth,
Area of cross section (if), and
Critical depth (ft).

(5.8)

•

To simplify the computation of critical flow, dimensionless curves showing the
relation between depth and the section factor, FCo have been given for rectangular,
trapezoidal, and circular channels in Figure 5.15.

• Roughness Coefficients
Roughness coefficients (n) for use in Manning's equation vary considerably according
to type of material, depth of flow, and quality of workmanship. Table 5.9 lists
roughness coefficients for pipes, earthen and natural channels and for various
artificial channels (see Section 5.6).

If unsure of a specific value of roughness, the designer should check the possible
range of roughness coefficients to locate potential problems.
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c. Design of Rigid Channels •
To be able to use the Simplified Design Procedure, the channel must be considered to be
"rigid" and for this condition to exist, both the banks and the channel bottom must be
stable. This condition mostly results from the channel layout and from grade control.

• Layout
In general, channel layout should follow existing washes, swales, or depressions.
Unless special exception is made by the governing entities, all artificial channels must
begin and end where runoff historically has flowed. This requirement applies both
to the point where water becomes channelized and the point where runoff leaves the
channel. The purpose for this requirement is both legal and a matter of preventing
erosion and property damage that would not have occurred without the drainage
work being constructed. In addition, the water surface along the route cannot be
raised in a manner that would result in damages that would occur if the
improvements are not made.

Care should be taken not to choose routes which lengthen the channel sufficiently
to reduce channel slopes below that which will cause sediment deposition during low
flows. Equation 5.1 should be utilized to verify this condition. Likewise, channel
layout can be utilized to reduce excessive channel slopes and the amount of grade
control structures that are required.

It is most important to achieve a good channel layout in conceptual and preliminary
layout of the surrounding land use. In general, the radius of curvature should not
be less than three times the design flow top width. The design parameters listed in
Table 5.1 should be used to define all other basic channel characteristics.

• Grade Control
There are many references to grade control requirements throughout this chapter,
and its importance is hard to overstress. The purpose of this discussion is to
describe the benefits of grade control and its need in the design and assessment of
channel stability. Actual d~sign of man-made grade control structures is discussed
in Chapter 6, Hydraulic Structures.

Grade control must be established as a condition of using the Simplified Design
Procedure. It is a critical factor in the behavior of non-rigid channels. In its basic
form, grade control can be any natural or man-made section of a channel that does

•

•
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n.ot permit channel degradation or aggradation. Grade control is most often thought
of in terms of causing water to pass through critical depth; however, this is not a
condition required to establish grade control. Examples can include rock
outcroppings, culverts under embankments, drop structures, and bridges; however,
not all drop structures, culverts, or bridges can be considered as grade control
structures. Channels with steep bottom slopes that cause channels to meander can
wash out embankments, as can culverts and bridges plugged by debris or that are too
small for the flood event that occurs.

Grade control and channel slope are interrelated. It does little good to establish
grade control within a specific reach of open channel, while the channel downstream
is headcutting or undergoing rapid deposition. When undertaking the design of
artificial channels, the designer needs to assess the stability of the section(s)
immediately downstream from the segment under design. If there is evidence of
ongoing downstream degradation, at a minimum, a grade control structure will be
required to a sufficient depth to preclude further headcuttingin the channel.

Regardless of the size of watershed, a key element of design, including conceptual
layout, is to establish whether or not grade control exists below the design section.
General degradation and aggradation is beyond the scope of this Manual.

For each alternative investigated, the selected channel slope should result in a stable
channel, particularly for earth-lined channels. Within a reach of artificial channel,
grade control structures should be used as required to meet the requirements listed
in Table 5.1.

• Freeboard
Required freeboard is computed according to the following formula:

FB = ~ (Y + y2/2g)

where:

Additional requirements for freeboard may be called for in specific cases where
aggradation is substantial during a single flow event and/or superelevation must be•

FB
Y
y

g

=
=

=

=

Freeboard (ft),
Average depth of flow (ft),
Average velocity of flow (fps), and
Acceleration due to gravity (ft/se~).
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taken into consideration. See Section 5 for a discussion on aggradation in channels. •
For superelevation under supercritical conditions, the following formula'is generally
used:

(5.10)

where:
~y =
V =
T =
rc =

g =

Change in the water surface (ft),
Channel velocity (fps),
Channel width along the top of the water surface (ft),
Radius of channel center-line curvature, (see Equation 5.11),
(ft), and
Acceleration due to gravity (ft/se2)

The change in the water surface,~y, should be added to the freeboard requirement
along the outside of the bend. The minimum value of freeboard shall be one foot.

For supercritical flow, the disturbance caused by a bend in the channel persists
downstream. Therefore, a detailed hydraulic study must be conducted to determine
the effects of the channel curvature on the freeboard requirement. A discussion of
channel curvature follows.

• Low Flow Channels
For channels with grass or earth bottoms, it is recommended that low flow channels
(see Figure 5.1) be considered whenever the following condition exists:

•
b/(VY) ~ 1.40 (5.11)

where:
b =
V =

Y =

Channel bottom width, (ft),
Average velocity of flow, at the peak of a 100-year flood (fps),
and'
Maximum depth of flow, at the peak of a 100-year flood (ft).
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The existence of frequent grade control structures may also preclude the requirement
for compound channel sections; however, where grade control structures are used
in conjunction with low flow channels, the hydraulic structure should be matched to
pass flows within the low flow channel.
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Channel Curvature
For channels with Froude Numbers less than 0.8, the ratio of the channel radius (to
centerline) to the design width of the water surface shall be greater than 3.0.

Note for Froude Numbers greater than 0.8, the radius of curvature will be computed

from the formula:

rc~ 4(V2T)jg Yn (5.12)

where:

rc = Radius of curvature (ft),
V = Average velocity of flow (fps),

T = Channel top width at water surface (ft),

Yn = Hydraulic depth of flow =A/T (ft),
A = Cross sectional area of flow (ff), and

g = Acceleration due to gravity (ft/sec?).

Curves in a channel cause the maximum flow velocity to shift towards the concave
side of the bend. Along the outside of the curve, the depth of flow is at a maximum.
This rise in the water surface is referred to as superelevation. The shift in the
velocity may cause cross-waves to form, which will persist downstream when the flow

is supercritical. Severe erosion, deposition and reduced channel performance result
from severe curvatures in channel alignment. To minimize the effect due to channel
bends, channel curvature should only be used where topographic or other conditions
necessitate their use. If the flow is supercritical, special design may need to be

employed to eliminate the downstream effects.

Supercritical Flow
Supercritical flow in an open channel in an urbanized area creates certain hazards

which the designer must take into consideration. From a practical standpoint, it is
generally not possible to have any curvature in such a channel. Careful attention
must be taken to insure against excessive oscillatory waves which may extend down
the entire length of the channel from only minor obstructions upstream.

There shall be change ofcross-sectional shape or area at bridges or culverts. Bridges
or other structures crossing the channel must be anchored satisfactorily to withstand
the full dynamic load which might be imposed upon the structure in the event of

major trash plugging. The concrete linings must be protected from hydrostatic uplift
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forces which are often created by a high water table or momentary inflow behind the
lining from localized flooding.

Backwater computation methods are applicable for computing the water surface
profile or the energy gradient in channels having a supercritical flow; however, the
computations must proceed in a downstream direction. The designer must take care
to insure against the possibility of unanticipated hydraulic jumps forming in the
channel. Flow at Froude Numbers near 1 is unstable and shall be avoided.

Design of deflections and curves for superential flow is beyond the scope of this
Manual.

D. Preliminary Design

It is important that major design issues be identified and decisions made in their regard
before proceeding into fmal design. In addition to the master plan consideration of the
initial route, downstream control, and channel type, there are a number of technical items
that must be evaluated prior to commencing final design. Some of these issues include:

•

• Control of flow at beginning and end of channel reach to prevent damage to existing •
channels.

• Elimination of potential hydraulic jumps (this should only be an issue in concrete
and shotcrete channels). Hydraulic jumps will be permitted only in planned locatiqns
at hydraulic structures (see Chapter 6).

• The use of alignment deflection in supercritical flow should be minimized.

• The degree to which low flows affect channel stability and maintenance should be
reflected in the chosen channel cross section.

• Determination of safety requirements in conjunction with other hydraulic structures
and with the inlets and outlets of conduits.

• Planning for inclusion of possible secondary uses that can be beneficially used to
reduce urban costs.

•
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Determination of the need for freeboard requirements that may exceed those shown
in Table 5.1.
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• E. Final Design

•

•

Unless exempted by the governing entity, water surface profIles must be computed for all
channels during final design and clearly shown on a copy of the fmal drawings. Computation
of the water surface profIle should utilize standard backwater methods, taking into
consideration all losses due to changes in velocity, drops, bridge openings, and other
obstructions (see Section 5.3, "Natural Channels"). Other than supercritical concrete-lined
facilities, computations begin at a known point and extend in an upstream direction for
subcritical flow. It is for this reason that the channel should be designed from a downstream
direction to an upstream direction. It is necessary to show the energy gradient on· all
preliminary drawings to help insure against errors. Whether or not the energy gradient line
is shown on the final drawings is optional.

It must be remembered by the designer that open channel flow in urban drainage is usually
non-uniform because of bridge openings, curves, and structures. This necessitates the use
of backwater computations for all final channel design work (see Section 5.3).

F. Design of Non-rigid Channels

Large washes and locations where urbanized channels discharge into non-urbanized areas
are the most likely candidates for this type of design. Non-rigid channel design requires
special design skill and experience; therefore, design parameters and procedures are not
described in this Manual; however, a check list for design requirements and a list of
references that address non-rigid channel design are included in Section 5.5.

Non-rigid channel design can have economic benefits through reduced channel sections using
movable beds and fixed sides, or permitting a channel to seek its own equilibrium without
constr?cting drainage facilities. In these instances, designers may be required to develop
calculations to prove channel stability or to prove that the channel will maintain its course
within certain specified limits.
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5.3 NATURAL CHANNELS

Designers can have several interests in natural channels. Perhaps the most important
interest in Maricopa County is related to existing washes along which development will
occur. Because of the high intensity of rainfall, floodplains tend to be wide and not
permanently fIXed in one location. In addition, velocities tend to be high, causing channel
modifications to be difficult to effect. Other design interests include existing washes into
which drainage works from development will empty, and changes that occur in natural
channels due to increases in the volume of runoff that occurs from urbanization.

Floodplain analysis tends to be very complex; however, a basic understanding of the behavior
of natural channels and the methods of analysis can be very useful in the overall approach
to drainage design. Determination of water surface profiles is a common requirement for
many projects.

•

Natural channels tend to be in a steady state of change. Mountainous streams can be rigid,
yet, in a geologic framework, are in a constant state of headcutting. While some
mountainous regime channels exist, the natural channels that most commonly occur in
Maricopa County lie within alluvial materials that have been deposited over long periods

~~.

Because of their steep nature, the most common problem associated with mountainous
streams is the sedimentation that predictably occurs where the natural channel interfaces
with artificial channels needed to confine flows through development and where attempts
are made to sharply deflect the direction of flow issuing from the naturally steep channels.
In the latter instance, that condition should be avoided. In the former case, low flow
channel sections may be required in the artificial channels to move sediment.

In the more common alluvial cases, natural channels tend to deposit sediment and meander
during low flow periods (which is most of the time) and to erode and straighten channel
alignments during rare events. 'It is in this manner that the alluvial fans have been formed.
Generally, if alluvial material exists, then there is some potential for the stream to reoccupy
the alluvial areas resulting from a period of high flows. Therefore, it is necessary to
acknowledge the potential for a natural channel to be 'non-rigid'.

Floodplain analyses tend to overlook this tendency for a natural channel to move, and, in
many instances, this is an acceptable approach; however, the strict use of this approach
within urbanized areas can lead to unfortunate results. As a result, there is often a need
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5.3.1

to utilize bank protection and hydraulic structures to selectively transform a non-rigid,

natural channel into a more rigid channel.

Unless a natural channel is steadily aggrading or degrading, the construction of roads with
adequately sized and protected bridges will significantly limit the lateral movement capability
of most channels. A notable exception in Maricopa County is the extensive alluvial fan
areas, which are outside the scope of this Manual. Combined with bridges, the selective use
of bank protection and grade control structures can prevent a natural channel from moving
over a wide range of flow rates.

The entire hydrological approach to converting a natural waterway which has historically

transported water from rural lands to an urban major drainage channel is so complex that
applicable design criteria cannot be presented completely in this Manual. It will suffice here

to state that the planning for use of such channels must be undertaken with the full benefit
of engineers with adequate experience in open channel flow, bed stability, and sediment
transport, together with experts in related fields.

Analysis of Natural Channels

The investigations necessary to insure that a natural channel will be adequate are different
for every waterway~ It is called to the designer's attention that supercritical flow cann~t

always occur in natural channels and frequent checks should be made during the course of

the backwater computations to insure that the computations do not reflect supercritical flow.

Because of the advantages which are available to a community by utilizing natural waterways

for urban storm drainage purposes, the designer should consult with experts in related fields

as to the methods of development. Where natural channels are used, the usual rules of
freeboard depth, curvature, and other rules applicable to artificial channels do not apply.
For instance, when laid out and developed for the purpose of being inundated during the

major runoff peak, there can be significant advantages if the designer incorporates into the

planning the overtopping of the channel and localized flooding of adjacent areas. Utilization
of natural channels requires that primary attention be given to erosive tendencies and

carrying capacity adequacy. The floodplain of the waterway must be defined so that

adequate zoning can take place to protect the waterway from encroachment to maintain its
capacity and storage potential.

Section 5.5 contains a check list of technical issues that need to be addressed when analyzing
waterways in the vicinity of bridges and culverts. A general approach for analyzing the

effectiveness of natural channels include several tasks:

November, 1989 5.33



• Prepare cross sections of the channel for the major design runoff. •

•

• Investigate the bed and bank material as to the particle size classification.

• Study the stability of the channel under future conditions of flow.

• Examine channel and overbank capacity to determine adequacy for lOO-year runoff.

• Examine velocities in natural channels to verify that critical velocity is not exceeded
for any section.

• Defme water surface limits so that the floodplain can be zoned.

Use roughness factors ("n" values) which are representative of non-maintained
channel conditions.

• Divide the channel cross sections into units of similar properties for determination
of water surface profiles.

Specify the use of drops or check dams to control water surface profile slope, •
particularly for more frequently occurring storm runoff.

• Prepare plans and profiles of the floodplain. Make appropriate allowances for future
bridges which will raise the water surface profile and cause the floodplain to be
extended.

• Use a minimum of l8-inches of freeboard with reference to proposed non-drainage
structures.

Filling of the flood fringe reduces valuable storage capacity and tends to increase
downstream runoff peaks. Filling should be discouraged in the urban waterways where
hydrography tend to rise and fall sharply.

A. Requirements for Natural Channels

Washes which traverse land designated for a proposed development may be left in their
natural state provided that doing so would not be in conflict with an approved master
drainage plan for the area, if one exists; and provided that the development is adequately •November, 1989 5.34



• protected from flooding and erosion. One method of developing in the vicinity of a natural
wash is to keep all structures out of its 100-year floodplain, as well as its attendant erosion
hazardous areas. Another possible method of developing in the vicinity of natural washes
is to utilize part of the floodplain for development, while leaving the channel in its natural
state. However, the approach would involve demonstrating that (1) the encroachment would
not. adversely affect adjacent properties, and that (2) the development would be located
outside of any erosion-hazard areas which border the natural wash.

Encroachments into the floodplain of a natural wash are to be analyzed according to the
FEMA requirements. The maximum rise in water surface shall not exceed those listed for
the local regulating entity. As with all floodplain encroachments, the development must be
adequately protected from flooding and erosion, and must not violate restrictions imposed
by master drainage plans. At no time should an encroachment adversely affect the river's
stability or adversely alter flooding conditions on adjacent properties. When encroachment
is proposed within the floodplain of a major watercourse, the regulating entity may, at its
discretion, request that a detailed study be performed to determine if a reduction in
overbank flood storage will significantly affect downstream flood peaks.

B. Applicable Methodologies

• • Normal Depth and Velocity
If the depth and direction of the flow in an open channel are nearly constant (i.e.,
steady, uniform flow conditions), the flow regime is said to be "normal", and the
hydraulic characteristics of the channel can be evaluated by using the well-known
Manning's equation described in most hydraulics textbooks or handbooks such as
Open-Channel Hydraulics (V.T. Chow, 1959) or the Handbook of Hvdraulics (E.F.
Brater and H.W. King, Sixth Edition, 1982).

•

When delineating natural floodplains using the Manning's equation, it is important to ensure
that the energy grade line, EGL, slopes continuously in the downhill direction. The energy
grade line is defined as a line connecting points of known total head or total specific energy,
E, as computed by Equation 5.4:

In those cases where the slope of the energy grade line does not nearly equal the channel
bed slope, then it is not reasonable to use a uniform flow approach, and backwater
calculations must be made.
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• Backwater Procedure
The previous section contained a brief discussion on computing normal depth, which

assumes that changes in discharge, bed slope, and cross-sectional area and form
occur relatively gradually, however, sudden changes will produce additional turbulent
energy losses which are not accounted for in the Manning's equation. This may be
particularly true in cases of sudden contractions and expansions of the channel cross
section.

In those instances where an upstream or downstream hydraulic control exists, the

Standard Step Method should be used for evaluating water surface prof.J.1es. The

procedure for making Standard Step calculations is given in several easily obtainable
text books or references. Computer facilities are available, it is recommended that
Standard Step calculations be performed by using the readily available and well
documents computer program HEC-2, written and distributed by the U.s. Army
Corps of Engineers (1982). Examples of both named and HEC-2 determinations
are contained in Section 5.5.3

One advantage of the Standard Step Method is that if the computation is started at

an assumed elevation that is incorrect for the given discharge, the resulting flow
profile will become more nearly correct with each succeeding cross section evaluated
within a reach. If no accurate elevation is known within or near the reach under
consideration, an arbitrary elevation may be assumed at a cross section far enough

away from the "starting" cross section to correct for any initial error.

The step computations should be carried upstream if the flow is subcritical, and

downstream if the flow is supercritical. Otherwise, step computations carried in the

wrong direction tend to make the results diverge from the correct flow profile.

There are a large number of applications related to open channel flow in which the
shape, or class of flow profiles are important to the designer. Figure 5.3 has been

included as a reference to determine the type of flow profile that may exist in an
artificial or natural channel.

•

•

C. Floodplain Widths and Depths in Channels with Composite Hydraulic Roughness

In the following sections, general analytical procedures are presented for evaluating
floodplain hydraulics, with an emphasis on determining floodplain widths and flow depths
in natural washes and constructed channels having non-uniform or composite hydraulic

roughness. •
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Figure 5.3

CLASSIFICATION OF FLOW PORTION OF GRADUALLY VARlED FLOW
(from: Open Channel Hvdraulics. V.T. Clww, 1959)
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• Composite Channels

The cross section of a watercourse or a street right of way may be composed of
several distinct sub-sections, with each sub-section having different hydraulic

characteristics, such as hydraulic roughness and average flow depth. For example,
an alluvial channel may have a primary, sand-bed channel which is bounded on both

sides by densely-vegetated, overbank floodplains, or a flooded street section may be

bounded on both sides by landscaped front yards having shallower flood depths and

slower flow velocities.

In cases of composite channels like the above, the discharge is computed for each

sub-section having distinct and different hydraulic characteristics, and the total

computed discharge is set equal to the sum of the individual discharges. Similarly,
the mean velocity for the entire flow cross section is assumed to be equal to the total

discharge divided by the total water area. The easily obtained text, Open-Channel

Hydraulics (V.T. Chow, 1959), provides an example of computing flow in channels
having composite roughness.

•

• Manning Roughness Coefficients

Manning roughness coefficients (See Table 5.9), for use in water surface profile •
calculations, should be carefully estimated by experienced engineers. The estimates

should include consideration that roughness may vary with flood stage, depending

on such factors as the width-depth ratio of the wash; presence of vegetation in the

main channel and the overbank areas; the types of materi~lsmaking up the channel

bed; and the degree of meandering. Additional information concerning Manning
roughness coefficients may be found in Chapter 4 of this Manual.

In the urban setting, it is not unusual for buildings and other structures to occupy

a significant portion of any given hydraulic cross section. Under these circumstances,

it is often difficult to estimate both the effective width of the cross-section and the

Manning roughness coefficients for the overbank areas. When faced with such a

situation, the engineer should eliminate the portion of the cross section occupied by

the building.

November. 1989

In those cases where only as estimate of the computed water surface elevation is

needed, a second option may be selected, the adjusted urban roughness coefficient,

nu' to be used with the total cross-sectional area (Hejl, 1977) (See Figure 5.4):
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DIAGRAM OF IDEALIZED URBAN FLOODPLAIN
(from City of Tucson. Floodplain and Drainage Standards Manual.

Simons, Li, and Associates, Undated.)
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•(5.13)

where:
nu =
no =

WT =
Wo =

Adjusted urban roughness coefficient,
Roughness coefficient for the area between the buildings in
the floodplain (e.g., streets, yards, etc.),
Total width of the floodplain, including buildings (ft.),

/ Individual widths between buildings, measured perpendicular
to the direction 9f flow (ft.), and

1:Lo/Lr = Ratio of the summation of the distances between rows of
buildings, Lo' to the total length of the reach along a profile
parallel to the direction of flow, Lr, (ft/ft).

D. Related Issues

• Maintenance
In many instances, specific maintenance access requirements are required by the
local entity and/or the Flood Control District. In planning and design of open •
channels, the designer should determine these requirements at the outset of the
project.

• Development in Floodplains
Development in areas outside of the floodway in designated floodplains is
permissible as long as zoning regulations are met. The advance planning of develop
ments that may be affected by the floodplain regulations requires a thorough
understanding of floodplain regulations and drainage standards and may also require
an engineering background in open channel hydraulics, river mechanics and sediment
transport. The staff of the Flood Control District and the local entity should be
contacted to determine the level of complexity and the engineering background
required to provide acceptable submittals.

• Degree of Urbanization
The degree of urbanization can have significant effects on both peak rates and
volumes of runoff generated within the drainage basin. It is currently common
practice to provide retention for 36 hours in all new developments within the
County. This practice should be reflected in the development of peak flow rates and

hydrography. •
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Subsurface disposal of stormwater is practiced in some locations within the County;
however, the track record of this practice is spotty and there are indications that
pollution regulations may restrict or eliminate this practice altogether. As a result,
designers should assume that all runoff from a basin is discharged to the surface.
This assumption has significant effects on channel stability. For medium and large
washes, an assessment should be made of the effects of the increased volume of
runoff on channel stability. Larger projects may be required to construct facilities
to insure channel stability.
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5.4 CHANNEL LININGS

The type of channel lining which may be best suited for a particular purpose will depend
upon a variety of factors, including hydraulic conditions, economic factors, soil conditions,
material availability,· aesthetics, and compatibility with existing improvements at the site.
The following lining types are acceptable within their range of applicability.

•
5.4.1 Soil Cement

Soil cement has been shown to be an effective and economical method for slope protection
and channel lining in the Maricopa County area.

A. Materials

A wide variety of soils can be used to make durable soil cement. For maximum economy
and most efficient construction, it is recommended that (1) the soil contain no material
retained on a 2-inch (50-mm) sieve; (2) at least 55% of the material pass the No.4 (4.75
mm) sieve; and (3) between 5%and 35% pass the No. 200 (0.074 mm) sieve. If the amount
of material passing the No. 200 sieve exceeds 35%, the addition of a coarser material may
be necessary. Soils containing more than 35% material passing the No. 200 sieve may be •
used if the fines are nonplastic and can be adequately mixed with cement. Standard
laboratory tests (ASTM D558, D559 and D560) are available to determine the required
proportions of cement and moisture to produce durable soil cement. The design of most
soil cement for water control projects is based on the cement content indicated by ASTM
testing procedures and increased by a suitable factor to account for direct exposure, erosion
or abrasion forces.

The portland cement should comply with one of the following specifications: ASTM e150,
CSA AS, or AASHTO M85 for portland cement of the type specified; or ASTM C595 or
AASHTO M240 for portland blast-furnace slag or portland-pozzolan cement, excluding slag
cements Types S and SA.

It is important that testing to establish required cement content be done with the specific
cement type, soil, and water that will be used in the project.

Typically, soil cement linings are constructed by the central-plant method, where selected
on-site soil materials, or soils borrowed from nearby areas, are mixed with portland cement
and water and transported to the site for placement and compaction. Mixed-in-place
construction has also been used successfully. •
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• B. Design of Soil Cement Linings

•

•

Figure 5.5 shows a composite channel consisting of an earth bottom with soil cement

stabilization along the banks. On side slopes, the soil cement is often constructed by placing
and compacting the material in horizontal layers stair-stepped up the slope. The rounded

step facing results from ordinary placement and ~ompactionmethods. Generally a 7- to 9
foot minimum working width is required for placement and compaction of the soil cement
layers by standard highway construction equipment. Figure 5.6 shows the relationship
between slope of facing, thickness of compacted horizontal layer, horizontal layer width and

minimum facing thickness measured normal to slope. For a horizontal working width of 8
feet, a side slope of 3:1 and 6-inch thick layers, the resulting minimum thickness of facing
would be about 2 feet, measured normal to the slope.

Soil cement may also be placed in layers parallel to the slope, as shown in Figure 5.7. The
maximum side slope for this "slope paving" technique is 4: 1, with flatter side slopes
preferred. The minimum thickness for the soil cement lining shall be 12-inches (two 6-inch
lifts).

An important consideration in the design of the soil cement facing is to ensure that all
extremities of the facing are tied into nonerodible sections or abutments. The upstreamand
downstream ends of the facing should terminate smoothly into the natural channel banks.
A buried cutoff wall normal to the slope or other measures may be necessary to prevent ..

undermining of the soil cement facing by flood flows.

To protect against undermining of the soil cement layer by lateral inflows, the top of the

lining should be keyed into the ground as shown on Figure 5.2. As with any impervious
channel lining system, seepage and related uplift forces should be considered and
appropriate counter-measures provided, such as weep holes or subdrains. Tributary storm

drain pipelines can normally be accommodated by placing and compacting the soil cement

by hand utilizing small power tools, or by using a lean mix concrete. For earth channels with
soil cement side slope protection, the lining should be designed to extend to the anticipated
depth of scour.

5.4.2 Concrete-lined Channels

Reinforced concrete is an alternative lining material for channels with limited right of way
and/or high velocity flow. The most common problems of concrete lined channels are due

to bedding and liner failures. Typical failures are: (1) liner cracking due to settlement of
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AND HORIZONTAL LAYER WIDTH FOR SOIL CEMENT LINING

(from Soil-Cement for Water Control Portland Cement Association. Undated)
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•

the subgrade; (2) liner cracking due to the removal of bed and bank material by seepage
force; and (3) liner cracking and floating due to hydrostatic back pressure from high
groundwater.

Lack of maintenance can result in vegetation growth through the concrete lining and
sediment deposition in the channel which will increase the flow resistance. This reduction
in channel capacity can cause overflow at design discharges and, consequently, permit the
erosion of overbank material and failure of concrete lining.

A. Flow Re~me Considerations

Concrete-lined channels are usually designed for flow conditions where the Froude Number
exceeds 0.8 and/or when velocities exceed five feet per second for earth-lined channels.
Froude Numbers for supercritical flow shall be greater than 1.15 and less than 2.0. Critical
flow conditions, where the Froude Number is very near 1.0, are very unstable, and must be
avoided.

Supercritical flow in an open channel in an urbanized area creates certain hazards which the
designer must take into consideration. From a practical standpoint it is generally not
possible to have any curvature in such a channel. Careful attention must be taken to
prevent or control excessive oscillatory waves which may extend down the entire length of
the channel from only minor obstructions upstream. Imperfections at joints may rapidly
cause a deterioration of the joints, in which case a complete failure of the channel can
readily occur. In addition, high velocity flow entering cracks or joints creates an uplift force
by the conversion of velocity head to pressure head which can damage the channel lining.
It is evident that when designing a lined channel with supercritical flow the designer must
use utmost care and consider all relevant factors.

All channels carrying supercritical flow shall be lined with continuously reinforced concrete
extending both longitudinally and laterally. There shall be no reduction cross sectional area
atbridges or culverts. Freeboard shall be adequate to provide a suitable safety margin, the
safety margin being at least 2 feet or an additional capacity of approximately one-third of
the design flow. Bridges or other structures crossing the channel must be anchored
satisfactorily to withstand the full dynamic load which might be imposed upon the structure
in the event of major debris blockage. Tributary storm drain pipelines must not protrude
into the channel flow area.
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B. Lining Criteria •
Reinforced concrete channel side slopes shall not be steeper than 2: 1. The thickness of the
lining should be a minimum of 6-inches depending on channel capacity and stability against
hydraulic forces and other forces acting on the channel. Design of the lining should include
consideration of anticipated vehicular loading from maintenance equipment. Joints in the
lining should be designed in accordance with standard structural analysis procedures with
consideration of the size of the channel, thickness of the lining and anticipated construction
techniques. The concrete lining must be keyed into the adjacent overbanks as shown on
Figure 5.2.

C. Roughness Coefficient

The roughness coefficient for a concrete lining can vary from 0.013 for a troweled finish to
0.017 for a very rough or unfinished surface.

D. Bedding

Long-term stability of concrete-lined channels depends in part on proper bedding.
Undisturbed soils often are satisfactory for a foundation for lining without further treatment.
Expansive clays are usually an extreme hazard to concrete lining and should be avoided.
A filter underneath the lining is recommended to protect fine material from creeping along
the lining. A well-graded gravel filter should be placed over the channel bed prior to
channel lining with concrete.

E. Transitions

Since concrete-lined channels are often used at locations where excessive seepage exists or
smaller channel cross sections are required, transitions will be required both upstream and
downstream of the concrete-lined channel to ensure control of flood flows, prevent
undermining of the lining and reduce turbulence. Transitions should be lined with concrete
or riprap to reduce scour potential.

Cutoff walls should be incorporated with transitions at both the upstream and downstream
end of the concrete-lined channel to reduce seepage forces and prevent lining failure due
to scour, undermining, and piping. The depth of cutoff walls should extend below the
expected scour depth. Determination of expected total scour depth requires specialized
analyses that are beyond the scope of this Manual.

•

•
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• F. Underdrainage

•

•

5.4.3

The probability of damaging the concrete lining due to hydrostatic back pressure and
subgrade erosion can be greatly reduced by providing underdrains. There are two types of
artificial drainage installations. One type consists of four or six-inch diameter perforated
pipelines placed in gravel-filled trenches along one or both toes of the inside slopes. These
longitudinal drains are either connected to transverse cross drains which discharge the water
below the channel or to pump pits, or extend through the lining and connect to outlet boxes
on the floor of the channel. The outlet boxes are equipped with one-way flap valves which
prevent backflow and relieve any external pressure that is greater than the water pressure
on the upper surface ofthe channel bottom. The second type consists of a permeable gravel
blanket of selected material or sand and gravel pockets, drained into the channel at frequent
intervals (10 to 20 feet) by flap valves in the invert. A drawing of a flap valve for use
without tile pipe and in a fine gravel and sand subgrade is shown in Figure 5.8. Both the
tile and pipe system and the unconnected flap valve type must be encased in a filter that will
prevent piping of subgrade material into the pipe or through the valve. For detailed
underdrains refer to Lining for Irrigation Canals published by the U.S. Department of the
Interior, Bureau of Reclamation, ---
Where a lesser degree of seepage control is warranted, weep holes spaced at appropriate
intervals may be used. When embankment safety may be compromised or when ground
levels may be raised by draining from the lined channel, weep holes may be equipped with
flap valves or other measures that allow seepage relief but prevent backflow or introduction
of surface water behind the lining.

Riprap Lined Channels

Graded riprap can be an effective lining material ifproperly designed and constructed. The
choice of riprap usually depends on the availability of graded rock with suitable material
properties and at a cost that is competitive with alternative lining systems.

Riprap design involves the evaluation of five performance areas. These areas include the
evaluation of: 1) riprap quality; 2) riprap-layer characteristics; 3) hydraulic requirements;
4) site conditions; and 5) river conditions. In Arizona, site requirements and river conditions
are important factors in the protection of bridge structures and flood control channels.
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Riprap-quality determination refers to the physical characteristics of the rock particles that
make up the bank protection. Qualities determined to be most important include density,
durability, and shape. Requirements for each of these properties are summarized in this
section.

• A. Riprap Quality

• Specific Gravity (Density)
The design stone-size for a channel depends on the particle weight, which is a
function of the density or specific gravity of the rock material. A typical range of
specific gravity in the field is from 2.4 to 2.9, with an average value being 2.65. All
stones composing the riprap should have a specific gravity equal to or exceeding 2.65,
following the standard test ASTM C127.

•

• Durability
Durability addresses the in-place performance of the individual rock particles, and
also the transportation of riprap to the construction site. In-place deterioration of
rock particles can occur due to cycles of freezing and thawing, or can occur during
transportation to the site. The rock particles must have sufficient strength to
withstand abrasive action without reducing the gradation below specified limits.
Qualitatively, a stone that is hard, dense, and resistant to weathering and water
action should be used. Rock derived from igneous and metamorphic sources
provides the most durable riprap.

Laboratory tests should be conducted to document the quality of the rock. Specified
tests that should be used to determine durability include: the durability index test
(see Section 5.6, Design Aids) and absorption test (see ASTM C127). Based on
these tests, the durability absorption ratio (DAR) is computed as follows:

DAR = Durabilitv Index
Percent Absorption + 1

The following specifications are used to accept or reject material:

(5.14)

• November, 1989

l.
2.
3.

DAR greater than 23, material is accepted;
DAR less than 10, material is rejected;
DAR 10 through 23:
(a) Durability index 52 or greater, material is accepted; and,
(b) Durability index 51 or less, material is rejected.
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• Shape
There are two basic shape criteria. First, the stones should be angular. Second, not
more than 25 percent of the stones should have a length more than 2.5 times the
breadth. The length is the longest axis through the stone, and the breadth is the
shortest axis perpendicular to the length. Angularity is a qualitative parameter which
is assessed by visual inspection. No standard tests are used to evaluate this
specification.

•

B. Riprap Layer Characteristics

The major characteristics of the riprap layer include: 1) a characteristic size; 2) gradation;
3) thickness; and 4) fIlter-blanket requirements. The following is a discussion of each of
these characteristics.

• Characteristic Size_
The characteristic size in a riprap gradation is the 050' This size represents the
average diameter of a rock particle for which 50 percent of the gradation is finer,
by weight.

• Gradation
To form an interlocked mass of stones, a range of stone sizes must be specified. A
dense, uniform mass of durable, angular stones with no apparent voids or pockets
is the objective. The recommended maximum stone size is 2 times the 0 50 and the
recommended minimum size is 1/3 the 050' A gradation coefficient, G, of 1.5 is
required.

•
(5.15)

where:

OJ = The average diameter of a rock particle, for which "i" percent
of the gradation is fmer by weight.

Table 5.2 provides design gradations for specified classes of riprap.
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• TABLE 5.2

Design Gradation for Specified Classes of Riprap

Dso Class (inches)

% Passing Size 6" 8" 12" 18" 24" 30" 36"

100-90 2.0 Dso 12 16 24 36 48 60 72

85-70 1.5 Dso 9 12 18 27 36 45 54
50-30 1.0 Dso 6 8 12 18 24 30 36
15- 5 0.67 Dso 4 5 8 12 16 20 24
5- 0 033 Dso 2 3 4 6 8 10 12

As a practical matter, the designer should check with local quarries and suppliers regarding
the classes and quality of riprap available near the site.

•
• Thickness

The riprap-layer thickness should equal or exceed 1.5 times the D100 value. However,
the layer thickness need not exceed twice the D100 value. The thickness is measured
perpendicular to the slope upon which the riprap is placed.

• Filter Blanket Requirements
The purpose of granular filter blankets underlying riprap is two fold: 1) they protect
the underlying soil from washing out; and 2) they provide a base on which the riprap
will rest. The need for a filter blanket is a function of particle-size ratios between
the riprap and the underlying soil which comprise the channel bank. The inequalities
that must be satisfied are as follows:

(DIS) filter S 5(D85) bank
4(DIS) bank S (DIS) filter S 20(DIS) ban
(Dso) filter S 25(Dso) bank

(5.16a)
(5.16b)
(5. 16c)

• November. 1989

If the inequalities are satisfied by the riprap itself, then no filter blanket is required.
If the difference between the bank material and the riprap gradations are very large,
then multiple fIlter layers may be necessary. To simplify the use of a gravel filter
layer, the following standard gradations are recommended:
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U.S. Standard
Sieve Size

3"

%"

TABLE 5.3
Gradation for Gravel Bedding

Type I Type II
(Percent Passing bv Weight)

90-100

20- 90

•
3/8"
#4
#16
#50
#100
#200

100
95-100

45- 80

10- 30
2- 10
0- 2

0- 20

0-3

The Type-! and Type-II bedding specifications shown in Table 5.3 were developed
using the criteria given in Equation 5.15, considering that very fine grained, silty,

non-cohesive soils can be protected with the same bedding gradation developed for
a mean grain size of 0.045 mm. The Type-I bedding in Table 5.3 is designed to be
the lower layer in a two-layer fIlter for protecting fme-grained soils. When the
channel is excavated in coarse sand and gravel (i.e., 50 percent or more by weight

retained on the No. 40 sieve), only the Type-II fIlter is required. Otherwise, two
bedding layers (Type-! topped by Type-II) are required. For the required bedding
thickness, see Table 5.4.

TABLE 5.4
Thickness Requirements for Gravel Bedding

•

November. 1989

Riprap
Classification

6",8"

12"

18"
24"

30"
36"

Minimum Bedding Thickness (inches)
Fine-grained Native Soils Coarse-grained Native Soils

Type-I Type-II Type-II
4 4 6

4 4 6
4 6 8

4 6 8
4 8 10
4 8 10
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The design criteria for filter fabric are a function of the permeability of the fabric
and the effective opening size. The permeability of the fabric must exceed the
permeability of the underlying soil, and the apparent opening size (AOS) must be
small enough to retain the soil. The criteria for apparent opening size are as follows:

1. For soil with less than 50 percent of the particles, by weight, passing a U.S.
No. 200 sieve, the AOS should be less than 0.6 mm (a U.S. No. 30 sieve).

2. For soil with more than 50 percent of the particles, by weight, passing a U.S.
No. 200 sieve, the AOS should be less than 0.3 mm (a U.S. No. 50 sieve).

Filter fabric is not a complete substitute for granular bedding. Filter fabric provides
filtering action only perpendicular to the fabric and has only a single equivalent pore
opening between the channel bed and the riprap. Filter fabric has a relatively
smooth surface which provides less resistance to stone movement. Tears in the
fabric greatly reduce its effectiveness so that direct dumping of riprap on the filter
fabric is not allowed and due care must be exercised during construction. The site
conditions, specific application and installation procedures must be carefully
considered in evaluating filter fabric as a replacement for granular bedding material.
Filter fabric can provide an adequate bedding for channel linings along uniform mild
sloping channels where leaching forces are primarily perpendicular to the fabric.

Hvdraulic Design Requirements

General
Channel linings constructed of placed, graded dprap or wire enclosed rock to control
channel erosion have been found to be cost effective where channel reaches are
relatively short (~ mile or less) and where a nearby source of quality rock is
available. Situations where riprap or wire enclosed rock linings may be appropriate
are: 1) where major flows are found to produce channel velocities in excess of
allowable non-eroding values; 2) where channel side slopes must be steeper than
3:1; and 3) where rapid changes in channel geometry occur, such as channel bends
and ttansitions. This section presents design requirements for graded dprap, while
Section 5.4.4C contains additional design considerations specifically related to wire
enclosed rock. Both Sections are valid only for subcritical flow conditions where the
Froude Number is 0.8 or less.
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• Riprap Sizing

When designing graded riprap bank protection, Figure 5.9 and Figure 5.10 shall be

used to determine the minimum 050' in feet, for the rock material utilized. This

chart shall be used to size riprap for either straight channels or channels with mild

to severe curvature. The chart provided on Figure 5.10 was developed under the

assumption that the specific weight of the rock will be equal to 165 pounds per cubic

foot. By entering the chart with a pre-determined value for channel velocity, one

can determine the required 050 for the riprap bank protection depending on the

appropriate degree of curvature, Ct, of the channel. The angle, Ct, is that formed by

the protection of the channel centerline from the point of curvature to a point which

meets a line tangent to the outer bank of the channel, as illustrated in Figure 5.11.

IT rock of a different specific gravity is to be used, the 050 shall be adjusted by use

of Equation 5.17:

•

kw = 102.96 k/(Ws- 62.4)

where:

=

=
=

0 50 from Figure 5.10 (ft),

050 for rock to be used (ft), and
Specific weight of rock to be used (pct).

(5.17)

•

November, 1989

Figure 5.10 also assumes that the riprap will be placed on channel banks having side

slopes no steeper than three feet horizontal to one foot vertical (3:1). If side slopes

steeper than 3:1 are required for rock bank protection, then the rock must be held

in place with either wire mesh and piles or gabion baskets. Additionally, if either

wire mesh and piles or gabions are utilized,th.en the r~ck size indicated by Figure

5.10 is no longer applicable. Rather, the rock must be of an adequate that to avoid

falling through the openings in either the wire mesh or gabion baskets (see Table

5.5). In addition, the minimum thickness of such protection, measured· normal to

the embankment slope, should be equal to 1.0050 for wire-mesh structures and

0.67050 for gabion baskets; where 050 is determined from Figure 5.10.

The gradation of rock riprap should follow a smooth curve. The ratio of the largest
size rock to 0 50 should be about two, and the ratio of 020 to D50 should be about

one-half (see Table 5.2). A riprap blanket shall have a minimum thickness of

2.0°50'
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Figure 5.11
ILLUSTRATION OF TERMINOLOGY FOR CHANNEL CURVATURE

(from Simons. U and Associates)
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5.4.4 Wire Enclosed Rock (Gabion Baskets)

A. General
•

Wire enclosed rock refers to rocks that are bound together in a wire basket so that they act
as a single unit. The wire mesh enclosed rock units are also known as gabion baskets or
gabion mattresses. One of the major advantages of wire enclosed rock is that it provides
an alternative in situations where available rock sizes are too small for ordinary riprap.
Another advantage is the versatility that results from the regular geometric shapes of wire
enclosed rock. The rectangular blocks and mats can be fashioned into almost any shape that
can be formed with concrete. The durability of wire enclosed rock is generally limited by
the service life of the galvanized binding wire which, under normal conditions, is considered
to be about 15 years. Water carrying silt, sand or gravel can reduce the service life of the
wire. Also, water which rolls or otherwise moves cobbles and large stones breaks the wire
with a hammer and anvil action and considerably shortens the life of the wire. The wire has
been found to be susceptible to corrosion by various chemical agents and is particularly
affected by high sulfate soils. If corrosive agents are known to be in the water or soil, a
plastic coated wire should be specified.

Wire enclosed rock is not maintenance free and must be periodically inspected to determine •
whether the wire is sound. Ifbreaks are found while they are still relatively small, they may
be patched by weaving new strands of wire into the wire cage. Wire enclosed rock
installations have been found to attract vandalism. Flat mattress surfaces seem to be·
particularly susceptible to having wires cut and stones removed. It is recommended that,
where possible, mattress surfaces be buried, as it has been found that wire enclosed rock
buried under a few inches of soil is less prone to vandalism. Wire enclosed rock
installations need to be inspected at least once a year under the best circumstances and may
require inspection every three months in vandalism prone areas in conjunction with a
regular maintenance program. Mattresses on sloping surfaces must be securely anchored
to the surface of the soil as discussed in Section 5.4.4.C.

B. Materials

•

November, 1989

Rock and Wire Enclosure Requirements
Rock filler for the wire baskets should meet the rock property requirements for
ordinary riprap. Minimum rock sizes and basket characteristics are shown in Table
5.5. The maximum stone size should not exceed 2/3 basket depth or 12 inches,
whichever is smaller.

5.60 •



• TABLE 5.5
GARION BASKETS

(Standard U.S.A. Sizes)

Minimum
Rock

Letter Length Width Depth Number of Capacity Dimensions
Code or Size (feet) (feet) (feet) Diaphragms (cubic yards) (inches)

A 6 63 3 1 2 4
B 9 3 3 2 3 4
C 13 3 3 3 4 4
D 6 3 1 1 1 4

E 6 3 1 2 1.5 4
F 9 3 1 3 2 4
G 13 3 1 1 0.66 4

H 9 3 1 2 1 4
I 13 3 1 3 1.33 4

SLOPE MAITRESS

• T
U

9
12

6
6

0.75
0.75

5
6

1.80
2.20

3
3

• Bedding Reguirements
Long term stability of riprap and gabion erosion protection is strongly influenced by

proper bedding conditions. A large percentage of all riprap failures are directly

attributable to bedding failures, which is particularly disturbing in light of the fact

that over half of all riprap installations experience some degree of failure within 10

years of construction. Refer to Section 5.4.3B for gravel bedding or filter design.

C. Design Considerations

The geometric properties of wire enclosed rock permit placement in areas where ordinary

riprap is either difficult or impractical to place. Proper design and construction is important

.to successful operation and lifetime performance.

•
•

November. 1989

Slope Mattress Lining

Figure 5.12 shows a typical configuration for a gabion slope mattress channel lining.

Mattresses and flat gabions on channel side slopes need to be tied to the banks by
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I-inch diameter steel pipes driven 4 feet into tight, solid soil (clay) and 6 feet into •
loose soil (sand). The pipes should be located at the inside corners of basket
diaphragms along an upslope (highest) basket wall, so that the stakes are an integral
part of the basket. The exact spacing of the stakes depends upon the configuration
of the baskets, however the following is the suggested minimum spacing: stake every
six feet along and down the slope, for 2:1 slopes and every 9 feet along and down
the slope for slopes flatter than 2: 1. Channel linings should be tied to the channel
banks with gabion counterforts (thickened gabion sections that extend into the
channel bank) at least every 12 feet. Counterforts should be keyed at least 12 inches
into the existing banks with slope mattress linings to counteract longitudinal
movement.

5.4.5 Toe Protection

A. General

Scour at a poorly designed toe of a channel bank is one of the major causes of failure of
riprap or gabion protection measures. These failures result when the foundation of the bank
protection measure is undermined by scour at the toe resulting from local scour at high
flows or general channel bed degradation. Proper design of protection from toe scour •
involves two parameters. First, an estimate must be made of the maximum scour expected
to occur over the design life of the structure. Second, a means of protection must be
provided for the maximum scour. The first parameter, scour depth estimation, requires
specialized analysis techniques by a qualified engineer and is beyond the scope of this
Manual. Presented, herein, are means of provid,ing protection for the maximum scour once
it has been determined.

B. Desi~ Guidelines

The two methods of providing toe protection in alluvial channels are: 1) to extend
protection to the maximum estimated depth of scour; and 2) to provide protection that
adjusts to the scour as it occurs. The first method is the preferred technique because the
protection is initially placed to a known depth and the designer does not have to depend
on uncertainties associated with the method that adjusts to the scour. The first method
requires extension of the bank protection into the excavated channel bed and is primarily
used for placement in the dry because of the expense and uncertainties of deep excavation
that can frequently encounter water.

•
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Figure 5.12
SLOPE MATTRESS LINING

(adapted fr~m: Wright-McLaughlin Engineer.;. Urban Stonn Drainage Criteria Manual.
Urban Dramage and Flood Control District, Denver Regional Council of Governments.

Denver. Colorado. March, 1969.)
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The main advantage of the second method is the elimination of relatively deep excavation
and related water control. The most frequently used material for providing adjustable toe
protection is riprap placed at the toe of the bank in a weighted riprap configuration. The
riprap moves downslope, as scour occurs, to form a protective cover. Figure 5.13a shows
the desirable configuration for a weighted riprap toe. Less frequently used materials are
gabion mattresses (Figure 5.13b). These mattresses are anchored to the bank protection
and their riverward ends are allowed to lower as scour occurs. Studies by Linder (1776) and
the U.S. Army Corps of Engineers (December, 1981) on riprap toe protection arrived at the
following conclusions:

1. Volume of rock in the weighted riprap toe is probably the most significant factor in
determining the success of the weighted riprap toe.

•

2. Toe shape has a defmite influence on performance. Thin toes do not release rock
fast enough, which results in poor slope coverage. Thick toes release rock at a
greater rate than it is needed. The thickness of the recommended toe ranges from
2.0-3.0 times the thickness of the riprap bank protection. The recommended toe
shape is shown in Figure 5.13a.

3. Complex toe designs that are difficult to construct are not necessary. •
4. Downslope rock movement occurred without significant movement m the

downstream direction.

5. Results from model and prototype show that the recommended weighted toe designs
launch at a slope sligh,tly steeper than 2: 1.

6. Toe volume in the physical model was approximately equal to the volume needed
to extend the bank protection to the maximum scour depth at a 2:1 slope. Linder
(1976) recommends a toe volume equal to 1.5 times the volume of extending the
bank protection to the maximum scour depth.

Weighted riprap toes have been successfully used for many years. However, success has not
been universal. A common factor among the failures appears to be the presence of
impinged flow on the bank. Therefore, the guidelines herein apply chiefly to flow conditions
parallel to the bank. Where impinged flow is likely, then analyses must be made to
determine an appropriate additional level of protection for such flow conditions.
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Figure 5.13

TOE PROTECTION WIRE ENCLOSED ROCK LINING
(adapted from: Urban Drainage and Flood Control District.

Urban Drainage Sionn Crileria Manual. Wright.McLaughlin Engineers. Denver. Colorado. 19n.)
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5.4.6 Grass-lined Channels

(This subject to be discussed with Work Group, i.e., where grass cover is appropriate, what
type, irrigation requirements, etc.)

5.4.7 Other Forms of Channel Stabilization

Other, less common forms of channel stabilization may also be acceptable, provided that it
can be demonstrated that the particUlar stabilization method proposed is capable of
withstanding the hydraulic conditions which can occur within the channel.

•

•

. -
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• 5.5 DESIGN PROCEDURES

•

•

The purpose of this section is to provide the user of this Manual with check lists (procedures) to
be followed during design and with examples of design computations that can be followed in order
to clarify the procedures that are to used.

5.5.1 Artificial Channels

Table 5.6 is the check list to be employed in the design of artificial channels. Most
applications in Maricopa County will be able to follow the Simplified Design Procedure.
Should conditions fall outside of the Simplified Design Procedure, the more rigorous
procedure as shown in the remaining steps must be completed. In some instances, the

conditions may be so complex that the design procedure that is to used for natural channels
(see Section 5.5.2) will be required. Determination of water surface profiles is not always
required; however, such a determination is necessary in all instances of spatially varied flow
(i.e. side channel spillways) and where obstruetionscross the channel (i.e. culverts, bridges,
grade control structures, etc.

A. Conditions for Use of Simplified Design Procedure

The steps required for the Simplified Design Procedure are shown bolded in Table 5.6 and
can be utilized for design of open channels that service minor drains and for major drains
that meet the following condition:

• Grade control established, and
• Design parameters within those listed in Table 5.1

B. Conditions Beyond the Scope of the Simplified Design Procedure

When the conditions of the previous subsection cannot be met, it will be necessary to
undertake a more detailed analysis that includes all of the steps in Table 5.7 and Table 5.8.
This table further references Table 5.7 which address analytic requirements of natural
channels and modifications that may be necessary to accommodate crossings of the
waterways, such as bridges and culverts.
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5.5.2 Natural Channels

Detailed analyses of natural channels and non-rigid artificial channels are beyond the scope
of this Manual; however, some understanding of the aspects of the analysis for non-rigid
channels is necessary to proceed with the design of rigid channels and to provide initial
analyses during the master planning phases, especially for lands adjacent to natur.al channels.
Tables 5.7 and 5.8 are included to provide prospective designers with a comprehensive list
of subjects that must be considered on adjacent developments and to plan effective
countermeasures to potential adverse impacts.

•

In addition to normal resources that a designer may have in order to analyze non-rigid
channels, four specific resources used to develop Table 5.8 are listed at the bottom of that
table. Examination of these documents reveals the potential complexity of analysis of
natural channels in Maricopa County. Few naturally occurring channels will have sufficient
grade controls to be in equilibrium over the expected range of flows. This condition can
have significant impacts on the design of related structures, such as culverts, hydraulic drops,
and bridges. In addition, the designer should be alert to practices that are common within
channels, such as gravel mining, that can have significant inipact on structures and on the
overall stability of the channel. It is very common for natural channels to move laterally
during larger storm events, and this potential condition can result in serious consequences •
to adjacent land uses.
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TABLE 5.6
DESIGN CHECK LIST

ARTIFICIAL CHANNELS*

SIMPLIFIED DESIGN PROCEDURES
When Simplified Procedures can be Used [5.5.18]
When More Thorough Analysis is Required [5.5.1B]

INITIAL DATA
Existing Structures [5.2.1B]
Existing Channel Characteristics [5.2.1B]
Existing Grade Control [5.2.1B]
Existing Flood Performance Characteristics [5.2.1B]
Scour Observations [5.2.1B]
Existing Stream Development [5.2.1B]
Land Use Changes [5.2.1B]
Flood History [Hydrology]
Rainfall/Runoff Relationships [Hydrology]

POSSIBLE COMPONENTS AND STRATEGIES
Channels [5.2.1D, 5.2.2, 5.4]
Alignment [S.2.1C]
Grade Control Structures [5.2.1B, 5.C.3C, Chapter 6]

CONSIDERATION FOR RIGHT OF WAY
Migration
Water Level. [5.2.18]

ECONOMIC AND ALTERNATIVE ANALYSIS
Designation of Significantly DitTerent Concepts

Type of Lining [5.2.2A, 5.4]
Type of Cross Section [5.2.2A, 5.2.3C]
Channel Alignment [5.2.1C,5.2.3C]
Location of Grade Control(s) [5.2.28, S.2.2C, S.2.3C]

Hydrological and Hydraulic Detailing of Alternatives [5.2.38, Hydrology]
Least Total Expected Cost Evaluation [NIC]
Extreme Flood Evaluation of Components and Alternatives [NIC]
Environmental Considerations [5.2.1B]
Documentation and Comprehensive Evaluation [5.2.18]
Safety Requirements [5.2.2B, Chapter 4]

HYDRAULIC ANALYSIS
Determination of Control [5.2.3C, Chapter 6]
Determination ofType of Flow Profile [5.3.1]
Normal Depth Calculations [5.2.38]
Water Surface Profile Calculations [5.3.1B]
Bridge Hydraulics [Chapter 7]
Channel Lining [5.4]
Supercritical Channel Hydraulics [5.2.3C]
Superelevation [S.2.3C]
Drop Structure Hydraulics [5.4]
Physical Hydraulic Models [5.3]
Low Flow Channel [5.2.3C]

SEDIMENT TRANSPORT ANALYSIS Required when Simplified Design Procedure cannot be used - Reference
to Natural Channels (see also Table 7.1 Channel Movement/Scour)

ADDITIONAL CONSIDERATIONS
Permanent Record
Post Construction Data
Normal Inspection (References)

Items that are bolded are required for Simplified Design Procedure.
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TABLE 5.7
DESIGN CHECK LIST
NATURAL CHANNELS

INITIAL DATA
Existing Structures
Channel Characteristics
Existing Flood Performance Characteristics
Existing Grade Control
Scour Observations
Existing Stream Development

-Dams, Diversions
-Flood Control
-Mining

Flood History
Rainfall/Runoff Relationships

POSSIBLE COMPONENTS AND STRATEGIES
Channels
Bridge Components
River Alignment Control Strategies or Mitigation
Alignment Control Structures
Grade Control Structures
Non-structural Measures (Easements, Acquisition, Litigation)

ECONOMIC AND ALTERNATIVE ANALYSIS
Designation of Significantly Different Concepts
Hydrological and Hydraulic Detailing of Alternatives
Least Total Expected Cost Evaluation
Extreme Flood Evaluation of Components and Alternatives
Environmental Considerations
Documentation and Comprehensive Evaluation

HYDRAULIC ANALYSIS
Determination of Control
Determination of Type of Flow ProfIle [Figure 53]
Normal Depth Calculations
Water Surface ProfIle Calculations [Usually HEC - 2]
Bridge Hydraulics .
Sand Bed Formation Determination
Sand Bed Roughness
Cobble, Boulder, or Riprap Roughness Determination
Vegetation or Combination Lining Roughness
Dune and Antidune Height
Supercritical Channel Hydraulics
Drop Hydraulics
Average Characteristics
Physical Hydraulic Models

SEDIMENT TRANSPORT ANALYSIS (see Table 5.8 and Table 7.1)

ADDmONAL CONSIDERATIONS
Permanent Record
Post-construction Data
Normal Inspections (References)

•

•
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TABLE 5.8
CHECK LIST

SEDIMENTATION ANALYSIS
(See also Table 7.1, Channel Movement/Scour)

LEVEL I SEDIMENT TRANSPORT ANALYSIS
Data Requirements
Determination of Plan Form Characteristics
Lane Relation and other Geomorphic Relationships
Aerial Photograph Interpretations
Bed and Bank Material Analysis
Land Use Changes
Flood History
Rainfall/Runoff Relationships

LEVEL II SEDIMENT TRANSPORT ANALYSIS
Data Requirements
Watershed Sediment Yield
Detailed Bed and Bank Material
Prome Analysis
Incipient Motion Analysis
Armoring Potential
Sediment Transport Capacity
Equilibrium Slope Analysis
Sediment Continuity Analysis
Quantification of Vertical and Horizontal Channel Response
Bend Scour
Low Flow Channel Incisement
Gravel Mining Impacts
Contraction Scour
Local Abutment Scour
Local Pier Scour
Cumulative Channel Adjustment

LEVEL III SEDIMENT TRANSPORT ANALYSIS
Data Inventory Modeling
Watershed Sediment Modeling
Instream Mining Response
Single Event Stream Bed Modeling
Long Term Bed Modelling

RESOURCES

1. Laursen, Emmett M. and Dennis M. Duffy. A Studv to Advance the Methodology
of Assessing the Vulnerability of Bridges to Floods. University of Arizona, 1980.

2. Richardson. E.V. Highway in the River Environment. FHWA,1988.

3. Sabol. George V., Carl F. Nordin, and E.V. Richardson. Scour at Bridge Structures
and Channel Degradation and Aggradation Field Data Measurements. ADOT,
October, 1988.

4. Simons. Li and Associates, Inc. (SLA). Design Manual for Engineering Analvsis of
Fluvial SYstems. 1985.
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FIGURES AND TABLES
(Not Included in Text)

(Note to Work Group: We need to address which other Figures and Tables
should be moved to this Sections.)
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TABLE 5.9

MANNINGS ROUGHNESS COEFFICIENTS

(from City of Tucson. Floodplain and Drainase Standards Manual IOraft>.

Simons, Li and Associates, Undated)

ROUGHNESS COEFFICIENT (n)

CHANNEL MATERIAL Minimum Normal Maximum

Corrugated metal 0.021 0.025 0.030

Concrete
1) Trowel finish 0.011 0.013 0.015
2) Float finish 0.013 0.015 0.016
3) Unfinished 0.014 0.017 0.020
4) Shotcrete. good section 0.016 0.019 0.023
5) Shotcrete. wavy section 0.018 0.022 0.025

Asphalt (use maximum value when
cars are present) 0.013 0.016 0.020

Soil Cement 0.018 0.020 0.025

Constructed channels with earth
or sand bottom. sides of

I) Clean earth; straight 0.018 0.022 0.025
2) Earth with grass and weeds 0.020 0.025 0.030
3) Earth with trees and shrubs 0.024 0.032 0.040
4) Shotcrete 0.018 0.022 0.025
5) Soil cement 0.022 0.025 0.028
6) Concrete 0.017 0.020 0.024
7) Dry rubble or riprap 0.023 0.032 0.036

Natural channels with sand ,
bottom, sides of

1) Trees and shrubs 0.025 0.035 0.045
2) Rock 0.024 0.032 0.040

Natural channel with rock
bottom 0.040 0.060 0.090

Overbank Floodplains
1) Desert brush. normal density 0.040 0.060 0.080
2) Dense vegetation 0.070 0.100 0.160

Adapted from Chow (1959) and Aldridge and Garrett (1973).
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APPENDIX A
DURABILITY TEXT INDEX

DEPARTMENT OF TRANSPORTATION
DIVISION OF CONSTRUCTION
Office of Transportation Laboratory
P. O. Box 19128
SacrallIenta, Califomia 95819
(916) 444-4800

METHOD OF TEST FOR DURABILITY INDEX

California Test 229
1978

•

A. SCOPE
The durability index test provides a measure of the

relative resistance ofan aggregate to producing c1:1Y·
sized fines when subjected to prescribed methods of
interparticle :1brasion in the presence of water. Four
procedures are provided for use with m:1teri:1ls \vith
V:1rious nominal sizes and specific gravities.

l'ron!rJunt Dai"ution l'h.. 01.1/."",,1 $tetion
A De Retained ~o. .. sic:ve !·t
B ~ -mocliJ\ed- t.i&h'_l~hl or porous. E·2

ree• ..,eG No•• sleye
C or r.."n& So.• si..•• E~
o or -modified" So.•• So. 16 sieve E~

(pel grlv.l••hips)

B. APPAlATUS.
The following equipment is required to perform

this test. Detailed descriptions and specifications are
included as necessary to :1Ssure stand:1rdization.
Items bearing an Office of Business ~1:lnagement

(OBM) catalog number are available to California
State Agencies from the Department of Transport:1
tion, Office of Business Management. Detailed pl:1ns
are available for those items bearing a Transport:1
tion Laboratory (TL) draWing number.

l. Agitator (Figure 1). A mechanical device de·
signed to hold the wash vessel in an upright position
while subjecting it to a I:1ter:11 reciprocating motion
at a rate of 2B5 :: 10 complete cycles per minute. The
reciproc:1ting motion shall be produced by means of
an eccentric located in the b:1Se of the carrier and the
length of the stroke shall be l.i5 :: .025 inches. The
clearance between the cam and follower of the ec·
centric sh:111 be .001 to .004 inches.

The combination sieve shaker.agitator, OB~f cata.
log number 6635.Q940-6. meets these requirements
when in the agitation mode.

The Tyler portable sieve sh:1ker meets these·re.
quirements when modified according to TL drawing
number 0·536.

2. Mech:lOical Sand Equivalent Shaker (Figure 2)
a. A mechanic:11 device designed to hold a gradu

ated pl:lstic cylindcr in a horizontal position
while suhjecting it to a reciprocating motion

November, 1989

parallel to its length. The motion shall prOVide
a stroke length of 8 :: 0.04 inches. The device
shall operate at a speed of 175 =2 complete
cycles per minute. Prior to use, the sh:1ker shall
be fastened securely to a firm and level mount.

b. OBM cat:1log number 6635·0930-5.
c. TL drawing number 0·256.
3. Sand Equivalent Test Apparatus (Figure 3)
a. ~ gr:1du:1ted plastic cylinder; rubber stopper,

Irrigator tube, weighted foot assemblv and si
phon assembly, all conforming to the ;pecifica.
tions and dimensions shown in TL drawing
number C·218 (Figure 4).

A one gallon minimum size glass or plastic
container with cover and fitted with the siphon
assembly or a discharge tube near the bottom
shall be used to disperse the working calcium
chloride solution. The container shall be placed
on a shelf or suspended above the work area in
such a manner that the level of the solution is
maintained between 36 and 46 inches above the
work surface.

b. OB:-'i catalog number 6635-0610·i.
4. Measuring Tin. A 3 ounce tin approximately

2Y~ inches in diameter having a capacity of55 =5 ml.
". Wash Vessel. A flat bottomed, straight sided

cylindrical vessel equipped with a watertight remov·
able lid and conforming to the dimensions and toler
ances shown in Figure 4.

The "Stainless Steel Pot", OB~f cataloll number
i330-0130-1, meets these requirements. -

6. Collection Pot. A round pan or container hav
ing vertical or nearly vertical sides and equipped as
necessary to hold the wire mesh of an 8-inch diame·
ter sieve at least 3 inches above the bottom.......n adap·
tor which will not allow loss of fines or wash water
may be used to nest the sieve with the container, or
the sieve may be nested with a blank sie\'e frame
resting in the bottom of the pan.

i. Craduated Cylinder. A graduated c>'!inder
having a capacity of 1000 mls.

8. Rubber Stoppcr. ..... stopper to fit the plastic
c\·linder.

. 9. Funnels

5.76
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6.1

6.1.1

CHAPTER 6

HYDRAULIC STRUCTURES

USE OF STRUCTURES IN DRAINAGE

Introduction

Hydraulic structures are used in storm drainage works to control water flow characteristics

such as velocity, direction and depth. Structures may also be used to control the elevation

and slope of a channel bed, as well as the general configuration, stability and maintainability

of the waterway.

Hydraulic structures increase the cost of drainage facilities, and their use should be limited

by careful and thorough hydraulic engineering practices to specific locations and functions
justified by prudent planning and design. On the other hand, use of hydraulic structures
can reduce initial and future maintenance costs by changing the characteristics of the flow

to fit the project needs, and by reducing the size and cost of related facilities.

Hydraulic structures include channel drop structures, low flow check structures, energy

dissipators, bridges, transitions, chutes, bends and many other specific drainage works.

Depending on the function to be served, the shape, size and other features of hydraulic

structures can vary widely from project to project. Hydraulic design procedures (including

model testing in some cases) that examine the structure and related drainage facilities are
a key part of the final design of all structures.

This chapter is oriented toward control structures for drainage channe~ and for conduit

outlets, in contrast to dams, spillways or specialized conveyance measures. The designer

is referred to Chapter 4 for culvert and closed conduit design, Chapter 5 for open channel

design, and Chapter 7 for bridges.

6.1.2 Channel Drop Structures

Drop structures are utilized to reduce the effective slope of a natural or artificial channel.

Typically, a drop structure extends across the entire width of the channel and provides

grade control for a full range of flows.

Check structures are similar in concept, but the objective is to stabilize and control the

channel bed or low flow zone. During a major flood, portions of the flow circumvent the

• November. 1989 6.1



structure, but erosion is maintained at an acceptable level. Overall stability is maintained
by coqtrol of the low flow area, which would otherwise degrade downward. A series of
check structures can be an economical interim grade control measure for natural channels
in urbanizing areas or for artificial channels where funding is inadequate for construction
of drop structures.

6.1.3 Conduit Outlet Structures

Energy dissipation structures are necessary at the outlets of culverts or storm sewers to
reduce flow velocity and to provide a transition whereby the concentrated, high velocity flow
exiting the conduit is changed to a wider, shallower and non-erosive flow regime. Outlet
structures may be preformed rock riprap stilling basins or reinforced concrete structures
such as impact basins baffle chutes.

6.1.4 Special Channel Structures

•

Bridges, spur dikes, channel transitions, constrictions and bends, and structures for lined
channels and for long conduits are examples of hydraulic structures for special applications.

A. Bridges and Related Structures

Bridges have the potential advantage of crossing a waterway without disturbing the
flow. However, for overall economic and structural reasons, encroachments and
piers in the waterway are a practical reality. A bridge structure can cause significant
hydraulic effects, such as increased water surface and channel scour. These
conditions must be analyzed and measures designed for mitigation of negative
impacts. Spur dikes, levees, drop or check structures, and pier and abutment
protection are types of structures designed to control hydraulic effects at bridge
crossings. Refer to Chapter 7 for further discussion on bridges.

•

B. Channel Transitions

Channel transitions are typically used to moderately vary the cross-sectional
geometry to allow the waterway to fit within a more confined right of way, or to
purposely accelerate the flow to be carried by a specialized high velocity conveyance
structure. Constrictions are designed to restrict and reduce the conveyance along
a short reach. Examples are a bridge with roadway approach embankments that
significantly encroach into a floodplain, or a structure designed to raise the upstream
water surface to force spill into an off-channel storage facility. An expansion •November, 1989 6.2
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structure is usually required at the downstream end of a constricted channel reach
or structure to provide a safe, non-eroding transition to the unconstricted channel.
Potential conditions for creation of a hydraulic jump must be examined and
provisions made for control of a jump and associated turbulent flow conditions.

Structures for Lined Channels and Long Conduits

Acceleration chutes can be used to maximize the use of limited downstream right
of way, and to reduce downstream channel and pipe costs. However, chutes should
only be used where good hydraulic and environmental design concepts permit the
use of high velocity flow. In general, high velocity flow is not permitted in urban
areas and applications in other areas will require careful scrutiny. Bends in lined
channels and closed conduits require analysis to determine if supercritical flow can
occur which can require special structural and other design considerations.
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6.2 CHANNEL DROP STRUcruRES

6.2.1 General

The term "drop structure" is broadly defined. Included are structures built to restore
previously damaged channels, those constructed during new urban development to prevent
accelerated erosion caused by increased runoff, and ap~lications in which other specialized
hydraulic conditions are created in the flow channel.

The focus of this criteria is on drop structures with design flows up to 10,000 cfs. Flows
less than 500 cfs are the usual range for check structures. Check structures have additional
considerations because major flooding goes around the structure abutments, typically in a
much wider floodplain.

A. Basic Components of a Drop Structure

•

B.

November, 1989

Figure 6.1 shows a typical channel drop structure with its various components.
Once a particular structure type is selected for design, analyses are conducted to
determine the optimal sizing or extent of the various components.

Design Considerations

In addition to hydraulic performance (discussed in Section 6.2.2), a number of other
considerations affect the selection of an appropriate drop structure for a particular
application.

• Soil and Foundation Conditions
Geotechnicalinvestigations should be completed to identify the characteristics
of the on-site soils. Silty and sandy soils require detailed analyses for seepage
control. Expansive soils require special design techniques to minimize
differential movement. Structure design for foundation, walls and slabs must
consider soil and hydrostatic pressures, seepage and potential scour.

• Construction Concerns
The selection of a drop and its foundation may also be tempered by
construction difficulty, access, material availability, etc. Quality control
through conscientious inspection is an important consideration.

6.4
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Figure 6.1
TYPICAL DROP STRUCTURE COMPONENTS

(from: Urban Stann Drainage Criteria Manual (Denver. Colorado)

Revision Draft. Mclaughlin Water Engineets, Ltd. 1989)
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• Maintenance Concerns
Issues to be considered include ease of access to the crest and stilling basin
ar~as, designs for vandal resistance, designs that eliminate trapped (ponded)
water and provision of landscaped or grassed slopes that are easily
maintained.

•
• Sociological Considerations

These include public acceptability issues such as safety, visual appearance,
mosquito breeding in ponded water, etc.

C. Drop Structure Types

Design guidance is presented herein for the following drop structure types:

• Baffle Chute Drops

• Vertical Hard Basin Drops

• Vertical Riprap Basin Drops

• Sloping Concrete Drops •
• Low Flow Check Structures

Figure 6.2 shows schematic profiles of each type. Due to a high failure rate and
excessive maintenance costs, drop structures having loose riprap on a sloping face
are not permitted. All drop structures should be inspected on a regular basis during
construction to assure their quality and integrity. In addition, drop structures should
also be monitored on a periodic basis after construction.

November. 1989

Additional bank and bottom protection may be needed if secondary erosional
tendencies are revealed. Thus, it is advisable to establish construction contracts and
budgets with this in mind. Use of standardized design methods for the types of
drops described herein can reduce the need for secondary design refinements.
Section 6.2.3 presents considerations for the selection of the appropriate type of
drop structure for particular application or site conditions.
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l.~- Baffle Chute
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2. M" Vertical Hard Basin

3.~ Vertical Riprap Basin•
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----

4. ~ Sloping Concrete

=- ~:--_----~-:---..s:----

5. Low Flow Check Structures

• November. 1989

Figure 6.2
DROP STRUCTURE TYPES

(from: Urban Stonn Drainage Criteria Manual (Denver. Colorado)

Revision Draft. Mclaughlin Water Engineers, Ltd. 1989)
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6.2.2 Hydraulic Analysis Considerations

A. General Procedures

The design procedures presented herein are generalized. The designer should use
these guidelines to identify the most suitable approach, with the understanding that
detailed analytical methods and design specifications may vary as a function of site
conditions and hydraulic performance. A standard drop structure design approach
would include at least the following steps:

1. Defme the maximum design discharge (usually the IOO-year) and other
discharges appropriate for analysis (selected discharge(s) expected to occur
on a more frequent basis, which may behave differently at the drop).

2. Select possible drop structure alternatives to be considered (Section 6.2.3).

•

3. Determine the required longitudinal channel slope and the total drop height
required to produce the desired hydraulic conditions.

,

4.

5.

Establish the channel hydraulic parameters, reviewing drop structure and
channel combinations that may be most effective.

Conduct hydraulic analyses for the structure. Where appropriate, apply
separate hydraulic analyses to the main channel and the low flow zones of
the drop to determine the extent of protection required, as well as the
potential problems/solutions for each. This approach is discussed following
(see Section B. Crest and Upstream Hydraulics).

•

November, 1989

6. Perform soils and seepage analyses to obtain foundation and structural
design information. Combine seepage and hydraulic analysis data to
determine forces on the structure.

7. Evaluate alternative structures in terms of their estimated capital and
maintenance costs, and identify comparable risks and problems for each
alternative. Review alternatives with client and jurisdictional agency to
select final plan. This task is not specifically a part of the hydraulic analysis
criteria, but is mentioned to illustrate other factors which are involved in the
analysis of alternatives.

6.8 •



• 8. Use specific design criteria to determine the drop structure dimensions,
material requirements and construction methods necessary to complete the
design for the selected structures.

•

B. Crest and Upstream Hydraulics

Usually, the starting point of drop analysis and design is the designation of the crest
section (or review of existing configuration) at the top of the drop. As flow passes
through critical depth near the crest, upstream hydraulics are separated from
downstream. The critical flow state must be calculated and compared with the
downstream tailwater effect which may submerge the crest and effectively control
the hydraulics at the crest.

With control at the drop crest, upstream water surface profile computations are
used to estimate the distance that protection should be maintained upstream, that
is, the distance to where localized velocities are reduced to acceptable values.
Backwater computations also yield the maximum upstream flow depth used to set

wall abutment and bank heights. The water surface profile computations should
include a transition/contraction head loss, which should typically range from 0.3
(modest transitions) to 0.5 (more abrupt transitions) times the change in velocity
head. The reader should refer standard hydraulic references for guidance (such as,
0Den Channel Hydraulics. Chow. 1959). For a given discharge, there is a balance
between the crest base width, upstream and downstream flow velocities, the Froude
Number in the drop basin, and the location of the jump. These parameters must
be selected for each specific application.

There are two basic configurations of crests assumed. Baffle chutes, vertical hard
basin and vertical riprap basin drops frequently have vertical or nearly vertical
abutments with nearly rectangular cross sections. Sloping concrete drops generally
have sloping abutments, forming a trapezoidal crest cross section. All drop types
would typically have a low flow chaQnel which is extended through the drop crest
section at the channel invert.

1. Vertical or Near Vertical Abutments at DroD Crest

• November. 1989

Figure 6.3 presents alternative drop crests at a vertical drop structure. In
general, the objectives of upstream hydraulics and crest design are:
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CREST SECTION

Figure 6.3

TYPICAL VERTICAL DROP CREST CONFIGURATIONS

November, 1989

(from: Urban Storm Drainage Criteria Manual (Denver, Colorado)

Revision Draft. Mclaughlin Water Engineers. Ud. 1989)
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• a.
b.

c.

To maintain freeboard in the approach channel,
To optimize crest and basin dimensions to achieve the most cost
effective structure, and
To prevent erosion in the transition zone, where flow accelerates
approaching the crest.

•

2.

A crest expansion may be necessary to maintain adequate freeboard in the
upstream channel and reduce drawdown velocities just upstream of the crest.
A crest constriction may be appropriate for wide channels to reduce the cost
of the crest wall.

Sloping Abutments at Drop Crest

Figure 6.4 shows a schematic layout for the drop crest and upstream channel
at a sloping drop structure. The design objectives discussed previously also
apply here. Constricting the trapezoidal crest serves to economize the
structure while maintaining upstream freeboard. The seepage cutoff wall is
typically placed at or near the upstream end of the transition zone and the
zone protected with concrete or grouted rock. This arrangement also
provides better seepage control, as discussed in Section 6.2.2D.

•

C. Water Surface Profile Analvsis

Backwater computations should be completed for the channel reaches upstream and
downstream of the proposed drop structure to establish approach flow conditions
and tailwater conditions for the range of design flows.

The next step is to determine the location of the hydraulic jump so that the stilling
basin can be sized to adequately contain the zone of turbulence. For vertical drop
structures, this requires analysis of the tailwater elevation to determine if it is
sufficient to cause the jump to occur immediately, or if the jet will wash downstream
until its specific force is sufficiently reduced to allow the jump to occur.

For sloping drop structures, water surfaces must be determined for the supercritical
profiles down the face of the drop. The location of the hydraulic jump is determined
by comparison of the specific force, F, above and below the toe of the drop, using
the following equation:

November. 1989 6.11



NOTES:
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Figure 6.4

TYPICAL SLOPING DROP CREST CONFIGURATION

(from: Urban Stonn Drainage Criteria Manual (Denver. Colorado)

Revision Dratl Mclaughlin Water Engineers. Ltd. 1989)
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where:
F

Y
'g
q

=

=

=
=

Specific force per unit weight of water,
Depth of flow (ft),
Acceleration due to gravity (ft/sec2), and
Unit discharge = y3/2g1/2 (cis/ft).

•

•

Analyses should be conducted for a range of flows, since flow characteristics at the
drop can vary with discharge. For example, the 10-year flow may cascade down the
face of a sloping drop and form a jump downstream of the toe, whereas the IOO-year
flow may totally submerge the drop.

Where a major channel incorporates a low flow channel, separate analyses should
be completed for the low flow zone and the major channel overbank zone. This is
because the deeper flow profile in the low flow channel zone has a higher energy
grade line profile (Figure 6.5). Specific force analysis in this zone shows that the
hydraulic jump will not occur in the same location as the rest of the flow over the
drop, and in most cases the jump will occur further downstream. Separate analysis
for this condition will assure that the stilling basin length is sufficient to contain the
jump.

An additional discussion of the hydraulic jump phenomenon is presented in Section
6.7.2, Hydraulic Jump.

D. Seepage and Uplift Forces

The most common technique for seepage analysis is that proposed by E.W. Lane,
1935, commonly referred to as "Lane's Weighted-Creep Method". The essential
elements of this method are paraphrased as follows:

1. The weighted-creep distance of a cross-section of a drop structure is the sum
of the vertical creep distances (along contact surfaces steeper than 45 0), ~,
plus one-third of the horizontal creep distances (along contact surfaces less
than 45 0), LH•

2. The weighted-creep head ratio is defined as:

November, 1989 6.13



Water surface elevation at crest
determined as a function of mean
section =El e
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•
HYDRAULIC ANALYSIS

SECTION AT CREST OF DROP

Yc CRITICAL DEPTH

YI DEPTH AT TOE

Y2 EFFECTIVE TAILWATER

Ytw CHANNEL TAILWATER

Profiles in the trickle
and main drop vary

Jump in trickle does not have
to be the same as the main
part of the drop.

\ ,

"-- - -- -- -- --

•
Ytw

Profile thru main
portion of dropANAL YSIS

SLOPING DROP
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EGL TRICKLE

_ { /' EGL MAIN DROP

=1:=.------- ---------......,--.-.-----
Water surface elevation at Y2
crest assumed the same,
but velocity different

Figure 6.5

TYPICAL SECTION AND PROFILE FOR SLOPING DROP

November, 1989

(from: Urban Stonn Drainage Criteria Manual (Denver, Colorado)

Revision Draft. McLaUghlin Water Engineers, Ltd. 1989)
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• (6.2)

where:
Cw =
~ =

Lv =
H =

Weighted-creep ratio,
Horizontal creep distance along contact surfaces less
than 45 0 (ft),
Vertical creep distance along any contact surfaces
greater than 45 0 (ft), and
Differential head between analysis points (ft).

3. Lane's recommended weighted-creep ratios are given for various foundation
materials in Table 6.1. A defmition sketch of the variables in Equation 6.2
is presented in Figure 6.6.

4. Reverse fIlter drains, weep holes, and pipe drains are aids to provide security

from seepage, and recommended safe weighted~creep head ratios may be
reduced as much as 10 percent, if used.

5. Care must be exercised to insure that cutoff walls extend laterally into each
bank so that flow will not outflank them.

• 6. The upward pressure to be used in design may be estimated by assuming
that the drop in pressure from headwater to tailwater along the contact line
of the drop structure and cutoff wall is proportional to the weighted-creep
distance.

TABLE 6.1
LANE'S WEIGHTED-CREEP: RECOMMENDED RATIOS

MATERIAL
Very fine sand or silt
Fine sand
Medium sand
Coarse sand
Fine gravel
Medium gravel
Coarse gravel including cobbles
Boulders with some cobbles and gravel
Soft clay
Medium clay
Hard clay
Very hard clay or hardpan

~w: RATIO
8.5
7.0
6.0
5.0
4.0
3.5
3.0
2.5
3.0
2.0
1.8
1.6

• November. 1989

Seepage is controlled by increasing the seepage length such that Cw is lowered to
a conservative value. Soils tests must be taken during design and confirmed during
construction. These tests are especially critical for reinforced concrete structures.
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An example of this technique can be found in the USBR Design of Small Dams. An
alternative approach is to use a flow net or computerized seepage analysis to
estimate subsurface flows and uplift pressures under a structure. Seepage
considerations should be included in the design of cutoff walls, wall footings, drains,
fIlters, structural slabs, and grouted masses.

Locating cutoffs· upstream of the crest of a drop structure and using horizontal
impervious blankets can be effective. It is also very important to control lateral
seepage around the. structure.

•

~ < 45 0
, ~LH = Lu + La + ~

~Lv = 2(Lc + Ld)

~ > 45 0
, ~~ = Lu + ~

~Lv = 2(Lc + Ld) + Le

La ---I0oI10---

._-

Ld
...L

Lb ----j
(6.3)

(6.4) •
where:

~ =
Lv =
Lu =
La =
~ =
Lc =
Ld =
Le =

Horizontal seepage length (ft),
Vertical seepage length (ft),
Horizontal length from crest to upstream cutoff wall (ft),
Horizontal length along face of drop structure (ft),
Horizontal length along downstream basin (ft),
Depth of cutoff wall (ft),
Depth of cutoff at downstream end of basin (ft), and
Vertical drop height (ft).

November, 1989

Figure 6.6

DEFINITION SKETCH FOR WEIGHTED-CREEP THEORY FOR
NONPOROUS LINER AND CUTOFFS

(adapted from: Design Guidelines and Criteria for Channels and
Hydraulic Structures on Sandy Soils. Uroan Drainage and Flood Control District,

Denver and City of Aurora. Colorado. Simons, Li and Associates. 1981)
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• 6.2.3 Drop Selection

There are four major considerations for the selection of the type of drop structure for a
particular application: 1) surface flow hydraulic performance, 2) foundation and seepage
control, 3) economic considerations, and 4) construction considerations. Other factors
which can affect selection are land uses, aesthetics, safety, maintenance and anticipated
downstream channel degradation.

A. Surface Flow Hydraulic System

The primary consideration for the selection of a drop structure should be functional
hydraulic performance. The surface flow hydraulic system combines channel
approach and crest hydraulics, sloping or vertical drop hydraulics and downstream
tailwater conditions. Hydraulic analysis procedures are presented in Section 6.2.2.
Additional guidelines are also contained in Section 6.2.4.

•

•

B.

c.

November, 1989

Foundation and Seepage Control Svstems

Table 6.2 presents some typical foundation conditions and control systems typically
used for various drop heights. This is presented as a guide only. The hydraulic
engineer must calculate hydraulic loadings which can occur for a variety of conditions
such as interim construction conditions, low flow and flood flow. The soils/
foundation engineer couples this information with the on-site soils information. Both
work with a structural engineer to establish final loading diagrams, and selection and
sizing of structural components. This section of the Manual presents information
relevant to hydraulics, but the user is referred to geotechnical and structural books
for related information.

Economic Considerations

Evaluation of alternative drop structure costs should include consideration of
construction costs and maintenance costs. Construction costs include site work
specific to the structure, seepage control, excavation, reinforced concrete, riprap.
boulders, grout and backfill. Maintenance costs include rock replacement, debris
removal, erosion repair, structural repairs, graffiti and silt removal. A standard
method ofcost comparison is present worth analysis by which estimated maintenance
costs are converted to present worth amounts by applying an appropriate discount
rate factor. The present worth maintenance cost is then added to the construction
cost each structure under consideration for comparison.
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Soils Conditions

TABLE ~,2-
GENERAL CUTOFF TECHNIQUE SUITABILITY

DROP HEIGHT (feet)

4 8

•

·(consider scour in sheetpile support)

Sands and gravel over bedrock
with sufficient depth of material
to provide support· groundwater
prevalent

Sands and gravel with shallow
depth to bedrock· groundwater
prevalent

S·
erc
err

ere
CW
S·

S*
erc/ST
err/CD

erc/ST
CW
S*

S/SwB*
ST

ST
CW
S·

SjSwB*
ST

ST
CW

SwB*

*(excavate into bedrock and set into concrete)

Sands and gravel, great depths to
bedrock· groundwater prevalent

Sands and gravel, no
groundwater, or water table
nonnally below requirement (for
variation caused by depth to
bedrock see fIrst case)

S
erc

S
Cff/Cfl

CW

S
erc/ST

S
Cfl
CW

S
ST

S
Cfl

S/SwB
ST

S/SwB
Cfl •

Clav (and silts) - medium to hard

Clays (and Silts)-soft to medium
with lenses of penneable material
- groundwater present

Clays (and silts)-soft to medium
with lenses of penneable
material-may be moist but not
significant groundwater source

erc erc erc erc
CW reduce length for difficult backfill conditions
Cfl/err only for local seepage zones/silts
ST expensive - for special problems

S S S S/SwB
erc erc erc/ST ST

S S S S/SwB
erc erc erc/ST ST
erf Cfl Cfl Cfl
CW CW CW CW

.~

S
SwB
erc
ST

CW

Cfl
erf

Sheet pile
Sheet pile with bracing and extra measures
Cutoff Trench backfilled with concrete
Slurry Trench; similar to erc; but trench walls are supported with slurry and then later replaced with concrete or
additives that erfect cutoff
Cutoff Wall; conventional wall, possibly with footer, backfilled; note that the effective seepage length should
generally be decreased because of backfill
Cutoff Trench with synthetic liner and fill
Cutoff Trench with clay fill •
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•
D.

Other factors also affect the economics of alternative types of drop structures. In
many cases, specific site requirements may dictate the direction of drop structure
design. Depending on location, some construction materials, such as riprap or
boulders, may not be readily available at reasonable cost. Analysis may include
consideration of the cost of a single drop structure 4 feet high versus the cost of two
structures, each 2 feet high.

Construction Considerations

The selection of a drop and its foundation may also be tempered by construction
difficulty, location, access, and material availability/delivery. Table 6.3 lists
construction considerations for key drop structure materials. Additional discussion
of construction concerns is included with the design guidelines for each drop type
in Section 6.2.4, following.

6.2.4 Design Guidelines for Drop Structures

•

•

A.

November, 1989

Baffle Chute Drops

The United States Bureau of Reclamation (USBR) has developed design standards
for a reinforced concrete chute with baffle blocks on the sloping face of the drop,
which is commonly referred to as baffled apron or baffle chute drops. There are
excellent references, Hydraulic Design of Stilling Basins and Energy Dissipators, and
Design of Small Canal Structures, that should be used for the design of these
structures. Recent references include Baffled Apron as SQillwav Energy Dissipator,
which evaluates higher design discharges, and entrance modifications to reduce the
backwater effect caused by the baffles.

The optimal performance occurs for a unit flow (q) at the chute width of 35 to 60
cfs/ft. Model testing has evaluated discharges up to 300 cfs/ft, and there have been
structures built with up to 120 cfs/ft. The USBR states that the recommended
design flow of 60 cfs/ft for baffle chute drops has been exceeded at several locations
without causing significant problems.

The hydraulic concept involves flow repeatedly encountering obstructions (baffle
piers) that are of a nominal height equivalent to critical depth. The excess energy
through the drop is dissipated by the momentum loss associated with the
reorientation of flow. A minimum of four rows of baffle piers are recommended
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Quality Concerns

TABLE 6.3
CONsrRUcnON COMPONENTS CONCERNS AND

QUALITY CONTROL MEASURES

Quality Control Measures and Inspection •
Concrete

Rein
Corcing
Steel

Archi
tectural
and
Landscape
Items

Riprap
and
Rock

Grout

Sheet
pile

November. 1989

The major concern is strength and ability to
resist weathering. Aggregate strength and
durability is important along with color and
shape Cor exposed aggregate Cor architectural
treatments, and concrete color additives.

Usually not a problem unless the wrong grade oC
steel is broUght to job. or site conditions are
conducive to corrosion problems. Epoxy coated
reinforcement can be specified for critical
conditions.

Coatings are always subject to quality concerns.
which are compounded by substrate conditions.
Plantings are subject to a wide variety of quality
and size.

Hardness is of concern because the rock is
subject to rough handling and impact forces.

Durability concerns are:
Oxidation, weathering (freeze thaw tests). and
leaching or dissolving by water.

Fracturing, which leads to odd or undesirable
shapes. is to be avoided.

Seams or other discontinuities can lead to
breakup or undesirable shapes and damage
dUring handling.

Geologic type is important; sedimentary rocks
are undesirable. Volcanic rock often has low
density.

Density of the rock requires specific gravity tests.

Cement content and type, aggregate and water
content are important considerations for strength
and durability. Synthetic libets can be added to
the concrete mix. to provide additional crack
control and durability.

Sheetpile comes in many configurations and, in
particular. joint details. It requires geotechnical,
structural. hydraulic expertise, as well as pile
driving experience during construction.

Preconstruction items include review ofshop drawings for reinforcing steel, formwork
patterns and ties. concrete design mix and related tests, color additives or coatings
and architectural treatments such as form tincts. handrails and fences.

Any architectural test samples should be completed and approved, along with all
coatings, weather protection or other items which could affect appearance.

During construction there are numerous items which require checking including:
rebar placement, formwork, tie placement, weep holes and drains, form release
coatings. and form cleaning before concrete placement, form removal, concrete
placement and testing, weather protection, sealants, tie hole treatment, concrete finish
work, and earthwork, especially that related to seepage control.

Landscape and architectural treatments can make a big difference in appearance; take
care to work with experienced professionals.

A significant effort is needed in the area of rock quality control. Submittals should
be required from suppliets to document quality. Rock should be durable sound and
free seams or fractures. The specified gravity should be a minimum oC 2.65.

Specifications should include. requirements for orderly. procedures and, appropriate
equipment, both for rock and grout placement. Difficulty in placement should not
be allowed as an excuse. Gradation, durability and specific gravity tests of riprap at
the quarry are needed, and should only be waived for small projects where the quarry
can demonstrate recent tests. Handling that results in exessive breakage should result
in changed methods and/or reexamination of rock quality. SUbgrades should be
dewatered and stabilized. Filtets and bedding layets should be reviewed for
compatibility to the on-site soil conditions. Rock handling and placement is criticaJ.
Riprap should be handled selectively so that the gradation is reestablished through
any given vertical section. Areas where the thickness is comprised of all materials
smaller than the d50' or where excessive voids or radical surface variations occur
should be reworked.

Good guidelines: have all significant surCace materials be oC d50 size or greater.
closely spaced with voids throughly chinked and locked between larger rock, top
surfaces generally parallel to the plane oC the overall riprap bank or surface. and no
great departures in surface elevation Crom rock to rock.

Graded riprap should not be used for grouting, as the smaller rock can prevent Cull
penetration of the grout to the subgrade and can cause incomplete filling oCthe voids.
Large rock or boulets should be placed with a gradall or multi-prong grapple device
Cor ease oC oC handling and to minimize disturbance oC the subgrade. A minimum
dimension should be specified for the rock to aid field inspection. On slopes. uphill
bouldets should be keyed in below the tops oC downhill bouldets Cor stability. A
·staitstep· arrangement where the top surface of the rock is fiat and horizontal is
preCerable Cor both aethetic and hydraulic reasons.

The key to success with grouting is to use rock that is no smaller in any dimension
than the desired grout thickness (so that one can fully access and fill the voids). to
pump and place the grout with a grout pumper (not a concrete pump or a gunite
machine) and a nozzle that can go to the subgrade, to vibrate using a ·pencil vibrator·
to assure complete filling of the voids. to have good control oC the grout mix (too wet
creates shrinkage cracks and stability problems on slope. too dry leads to poor
penetration). and to place the grout to the desired thickness. a minimum is needed
to counteract uplift, (placing too much is unattractive and smooths out the roughness
oC the drop which is needed to prevent the jump from washing downstream). During
grouting. it is important to protect the toe drains. With care. one can avoid getting
grout on the top of the rock. Any spillage should be washed off immediately. A
wood float leaves a smooth finish, and the ·pencil vibrator.· which preferred, will
generally leave a satisCactory appearance with some touch-up. Full time inspection
is required dUring grouting, as is periodic inspection during the rock placement
depending upon the performance oC the contractor and the aesthetic appearance
desired.

Inspection is required to ensure that piling is driven to the design depth, or keyed into
bedrock if reqUired. Underground obstructions can create problems with driving.
IC piling becomes separated at the joints during installation. excessive subsurface flow
can result.
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Synthetic
Liners

Seepage
CulotI Soils

Drains

Culoffs
using
Slurry
Trench

November. 1989

Liners must be flexible and strong enough to
allow adjustment 10 the actual sUbgrade. aiKI to
allow rock placement without signiflCllJlt damage
to the liner material

Importallt coosideratioos are: classification and
homogeneity of clay soils, placement, and
compaction techniques.

Penneabilityand gradation ofmedia, revese tilter
characteristics and compatibility with insitu
materials, pipe and other discharge components.

The homogeneity and stability of the slUrry
cutoff is critical The construction techniques to
achieve a cutoff to the complete depth and width
is also critical A special concern is that aU of
the designated excavation material to be removed
is removed. which means that the slurry is of
sufficient density to allow removal or appropriate
mixing of the insitu materials.

SUbgrade must be well prepared to minimize voids and piping along the smooth
siJr(ace of the liner. Certificates ofconformance to the technical specifications should
be provided by the manufacturer. Liners should be spliced only when necessaty and
placed in accordance with manufacturers instructions.

The subgrade should be inspected and sloped to achieve compaction of the cutoff
soils and the adjacent sUbgrade. Soils should be classified as a Clay (0) according
10 a Iiceosed soil engineer and be appropriate for seepage culoff. Compaction tests
should be provided.

Gradation analysis of insitu materials and proposed tilter media are advisable. Fabric
materials should be used with caution 10 iosure that plugging will not occur. Piping
and vaIving components should comply with specifications and be double checked for
suitability for the particular application. The toe drain and other drains should be
placed and protected from contamination. particularly if grout or concrete is placed
later.

PractlcaUy. cutoffs using slurry trench techniques are more exotic applicatiollS and
require intensive geotechnical engineering and custom specifications for individual
applications. Measures can involve intensive drilling and exploratioll, deosity testing
of slurry mixtures, tests related to special chemicals and admixtures, and slurry
chemicals, standard concrete and grout testing methods. Besides inspection related
to aU of the above, site environmental controls are required related to slurry and
disposal of materials displaced duriog the process.
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to achieve control of the flow and maximum dissipation of energy. Guidelines are •
given for sizing and spacing the blocks. Designing for proper approach velocities is

critical to structure performance. One advantage of the baffle chute drop is that it
does not require tailwater control.

Typical design consists of upstream transition walls, a rectangular approach chute,

a sloping apron of 2: 1, or flatter, slope with multiple rows of baffle piers (see Figure
6.7). The toe of the chute extends below grade and is backfilled with loose rock to
prevent undermining the structure by eddy currents or minor degradation of the
downstream channel. This rock will rearrange to establish a stable bed condition

and produce additional stilling action. The structure is effective without tailwater;
however, higher tailwater reduces scour at the toe. Grouted and concrete basins
have also been used to prevent a standing pool from forming at the transitions to
the downstream trickle and main channels. The structure also lends itself to a

variety of soils and foundation conditions.

November, 1989

There are fIXed costs associated with the upstream wing walls, crest approach section,

downstream transition walls and a minimum length of sloping apron (for four baffle

rows). Consequently, the baffle chute becomes more economical with increasing

drop height.

This design is quite flexible in adaption, once the hydraulic principles are understood.
For example, the design has been modified for low drops by locating two rows of
baffles on the slope and two rows on a horizontal extension of the chute. Another
approach has been to use a flatter chute slope than the usual 2 horizontal to 1

vertical. There are examples where sloping abutments have been utilized. Other

examples include the use of sloping abutments at the crest and chute sides. These
drops can be extended at a later date if downstream bed degradation occurs beyond
that initially anticipated (Surface Mining Water Diversion Design Manual. Simons.

1982).

The potential for debris flow must also be considered. Caution is advised regarding
streams with heavy debris flow because the baffles can become clogged between the
interstices, resulting in overflow, low energy dissipation, and direct impingement of

the erosive stream jet on the downstream channel.

The design performance has been documented for numerous baffled apron drops
(Design of Small Dams. USBR. 1974). The resulting design precautions generally

relate to relatively minor problems, such as erosion protection in adjacent channels,
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Figure 6.7
Baffie Chute Drop

(from: Urban Storm Drainage Criteria Manual (Denver. Colorado)

Revision Draft. MclAughlin Water Engineers. Ltd. 1989)
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spray above the chute walls, and debris problems. The basic design criteria and
modification details are given in Figure 6.8 and Figure 6.9 (adapted from: Hydraulic
Desi~ of Stillint:' Basins and EneriY Dissipators. USBR. 1958). Remaining
structural design parameters must be determined for specific site conditions.
Recommended design procedures are as follows:

1. General Hydraulic Desi~ Procedure

a. Determine the maximum inflow rate and the design unit discharge;

•

where:

q = Q/W (6.5)

q
Q

W

=

=
=

Design unit discharge (cfs/ft),
Design discharge (cfs), and
Chute width (ft).

The chute width, W, may depend on the upstream or downstream
channel width, the upstream hydraulic control, economy, or local site •
topography. Generally, a unit discharge between 35 to 60 cfs/ft is
most economical.

November, 1989

b. An upstream channel transition section with vertical wing walls,
constructed 45 0 to the flow direction, causes flow approaching the
rectangular chute section to contract. It is also feasible to use walls
constructed at 90' to the flow direction. In either configuration, it
is important to analyze the approach hydraulics and water surface
profile. Often, the effective flow width at the critical cross section
is narrower than the width of the chute opening due to flow
separation at the corners of the abutment. To compensate for flow
separation, it is recommended that the actual width constructed be
1 foot wider than the design analysis width if the constricted crest
width is less than 90 percent of the upstream channel flow width. In
any case, the design should carefully consider the approach hydraulics
and contraction/separation effects. Depth and approach velocities
should be evaluated through the transition to determine freeboard,
scour, and sedimentation zones.
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•
Figure 6.8

BAFFLE CHUTE· DESIGN CRITERIA
(adapted from: Hydrnulic Design or Stilling Basins and Energy Dissipators. USBR. 1958)
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Figure 6.9

BAFFLE CHUTE· CREST MODIFICATIONS AND FORCES
(adapted from: Hydraulic Design of Stilling Basins and Energy Dissipators. USBR. 1958)

6.26 •



• c. The transition is followed by a rectangular flow alignment apron,
typically 5 feet in length. The upstream approach channel velocity,
V, should be as low as practical and less than critical velocity at the
control section of the crest. Figure 6.8 (a) gives the USBR
recommended entrance (channel) velocity. In a typical grass-lined
channel, the entrance transition to the rectangular chute section will
produce the desired upstream channel velocity reduction. The
elevated chute crest above the channel elevation (as shown in
Figure 6.8 (b)) should only be used when approach velocities cannot
be controlled by the transition. Special measures to prevent
aggradation upstream will be necessary in this situation.

2. Entrance Modifications

•

•
November, 1989

d.

e.

The trickle flow (or low flow) channel should be maintained through
the apron, approach, and crest sections. It may be routed between
the first row of baffle piers. The trickle channel should start again
at the basin rock zone which should be slightly depressed and then
graded up to transition to the downstream channel. Figure 6.9 (e)
illustrates one method of designing the low flow channel through the
crest.

The conventional design shown in Figure 6.8 (b) results in the top
elevation of the baffles being higher than the crest, which causes a
higher backwater surface effect upstream. Figure 6.9 (c) may be
used to estimate extent of the effect and to determine corrective
measures, such as increasing the upstream freeboard orwidening the
chute. Note that baffles projecting above the crest will tend to produce
upstream sediment aggradation. Channel aggradation can be
minimized by the low flow treatment suggested in Paragraph (d),
above.

Another means ofalleviating these problems is the Fujimoto entrance,
developed by the USBR and illustrated in Figure 6.9 (d). The upper
rows of baffles are moved one row increment downstream. The
important advantage of this entrance is that there is no backwater
effect of the baffles. The serrated treatment of the modified crest
begins disrupting the flow entering the chute without increasing the
headwater. More importantly, this configuration provides a level crest
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control. The designer may either bring the invert of the upstream low
flow channel into this crest elevation, widening the low flow channel

as it approaches the crest, or the designer may have a lower trickle
channel and bring it through the serrated crest similar to Paragraph
(d). These treatments will have to be observed until more application
experience shows what may work best.

3. Structural Desilm Dimensions

f. Assume critical flow at the crest and determine critical for both peak
flow and for 2/3 of peak flow. For unit discharge exceeding 60 cfs/ft
Figure 6.9 (c) may be extrapolated:

•

where:
Yc

q
g

=
=

=

Critical depth (ft),
Unit discharge > 60 cfs/ft (cfs/ft), and
Acceleration due to gravity (ft/sec;2).

(6.6)

g. The chute sect~on (baffled apron) is concrete with baffles of height, •
Hb, equal to 0.8 times critical depth. The chute face slope is 2: 1 for
most cases, but may be reduced for low drops or where a flatter-slope
is desirable. For unit discharge applications greater than 60 cfs/ft,
the baffle height may be based on 2/3 of the peak flow; however, the
chute side walls should be designed for peak flow (see Paragraph (i),
below).

Baffle pier widths and spaces should equal, preferably, about 1.5 H
but not less than Hb• Other baffle block dimensions are not critical
hydraulically. The spacing between the rows of baffle blocks should
be Hb times the slope. For example, a 2: 1 slope makes the row
spacing equal to 2Hb parallel to the chute floor. The baffle piers are
usually constructed with the upstream face normal to the chute floor
surface.

November. 1989

h. Four rows of baffle piers are required to establish full control of the
flow, although fewer rows have operated successfully. At least one
row of baffles are buried in riprap where the chute extends below the
downstream channel grade. Riprap. protection continues from the •
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1.

J.

k.

chute outlet to a distance of approximately 4Hb, or as necessary to
prevent eddy currents from undermining the walls. Additional rows
of baffles may be buried below grade to allow for downstream channel
degradation.

The baffle chute side wall height (measured normal to the floor
slope) should be 2.4 times the critical depth based on peak discharge
(or 3Hb). The wall height will contain the main flow and most of
the splash. According to the USBR, it is not necessary or practical
to build the walls high enough to contain all the splash.

Determine upstream transition and apron side wall height as required
by backwater analysis. Lower basin wing walls are generally
constructed normal to the chute side walls at the chute outlet to
prevent eddy current erosion at the drop toe. These transition walls
are of a height equal to the channel normal depth plus 1 foot, and
length sufficient to inhibit eddy current erosion.

All concrete walls and footer dimensions are determined by
conventional structural methods. Cutoff walls and underdrain
requirements are determined by seepage analysis (see Section 6.2.20).

•
November. 1989

1. The most troublesome aspect of the design is the determination of
the hydraulic impact forces on the baffles to allow the structural
engineer to size adequate steel. The USBR suggests using data from
model tests (Figures 103 and 105 in Hydraulic Design of Stilling
Basins and Energy DissiQators. USBR. 1958). This is helpful except
for higher design discharges, for which additional information is
provided by Design ofChannel Curves for SUQercritical Flow. Knapp,
ASCE.1951.

This information was used to develop the curve in Figure 6.9 (t) and
may be used as a guideline. The structural engineer should apply a
conservative safety factor (1.5) as this curve is based on relatively
sparse information.
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4. Construction Considerations

There are numerous steps necessary in the construction of a baffle chute, but
they are usually easily controlled by a contractor. For quality control and
inspection, there are consistent, measurable, and repeatable standards to
apply.

Potential areas ofconcern include foundation problems, riprap quality control
and placement, and fmish work with regard to architectural and landscape
treatments. Formwork, form ties, and seal coatings can leave a poor
appearance, if not handled properly. Poor concrete vibration can result in
surface defects (honeycombing) or more serious conditions, such as exposed
rebar.

•

B.

In summary, baffle chute drop structures are the most successful as far as
hydraulic performance is concerned and are straight forward to construct.
Steel, formwork, concrete placement and fmish, and backfill require periodic
inspection.

Vertical Hard Basin Drops

The vertical hard basin is a generalized category which can include a wide variety
of structure design modifications and adaptations.

A variety of components can be used for both the hard basin and the wall, various
contraction effects can be implemented to reduce approach velocities, and different
trickle channel options can be selected.

The hydraulic phenomenon provided by this type of drop is a jet of water which
overflows the crest wall into the basin below. The jet hits the hard basin and is
redirected horizontally. With sufficient tailwater, a hydraulic jump is initiated.
Otherwise, the flow continues horizontally in a supercritical mode until the specific
force of the tailwater is sufficient to force the jump. Energy is dissipated in the
turbulence through the hydraulic jump; therefore, the basin is sized to contain the
supercritical flow and the erosive turbulent zone.

•
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Generally, a rough basin is advantageous since increased roughness will result in a
shorter, more economical basin. Figure 6.10 shows a vertical drop with a grouted
boulder basin (concrete may also be used), and illustrates several important design •
considerations.
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Figure 6.10

VERTICAL HARD BASIN DROP

(from: Urban $Ionn Drainage Criteria Manual (Denver. Colorado)

Revision Drall. MclaUghlin Water Engineers. Ltd. 1989)
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1. General Hydraulic DesilW Procedure

a. Many alternative designs, variations, and different combinations of
materials may be grouped into this basic design category. The SCS
Manual, Design of Open Channels. 1977, is useful for all concrete
structures, although modificationsare necessaryfor the trickle channel
and low flow controls. Other concrete configurations are feasible.

b. The rock lined approach length ends abruptly at a structural retaining
crestwall which has a nearly rectangular cross-section and trickle
channel section. Refer to discussion in Section 6.2.2B.

c. Crest wall and footer dimensions are determined by conventional
structural methods. Underdrain requirements are determined from
seepage analysis.

•

d. Open Channel Hydraulics (Chow, 1959), makes a brief presentation
for the "Straight Drop Spillway" which apply here. Separate analysis
would need to be undertaken for the trickle channel area and the
main channel area as discussed in Section 6.2.2C. Add subscript l for
the trickle channel area and subscript m for the main channel area in
the following equations. The drop number Dn is defined as: •

(6.7)

where:
Dn

q
g
Yc

=

=
=

=

Drop Number,
Discharge per unit width of crest (cfs/ft),
Acceleration due to gravity (ft/se2), and
Vertical fall at drop, (ft).

November, 1989

Refer to Figure 6.11 identifying the following parameters. 4 is the
design basin length which includes Ld, the distance to the jump, Dj,

and 60 percent of the jump length, Lj • The jump length, Lj, is
approximated as six times the sequent depth, Y2.

At the condition of a hydraulic jump that immediately occurs at the
point where the nappe hits the basin floor, the following variables
are defined:
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MINIMUM
TOP OF CHANNEL BANK SLOPE

POSSIBLE LARGE BOULDERS
OR BAFFLES ALONG TRICKLE

"e" BASIN DEPRESS~

!J--L_---l..:...:..I..J:....--"'-4--'--~__..L.Y_2 _LJ:"m&~~'35!L~
PROVI[£ RIPRAP TRANSI110N
ZONE (10' MIN.)

BOULDER OR CONCRETE SILL

BOULDERS OR CONCRETE
HARD BASIN

Figure 6.11
VERTICAL DROP HYDRAULIC SYSTEM

(from: Urban Storm Drainage Criteria Manual (Denver. Colorado)

Revision Draft. McLaughlin Water Engineers. Ltd. 1989)
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Ld/Yr = 4.3 On 0.27

Yp/Yr = 1.0 On 0.22

Y1/Yr = 0.54 On 0.42S

Y2/Yr = 1.66 On 0.27

(6.8)

(6.9)
(6.10)

(6.11) •

In the case where the tailwater does not provide a depth equivalent
to or greater than Y2, the jet will wash downstream as supercritical
flow until its specific force is sufficiently reduced to allow the jump
to occur. Determination of the distance to the hydraulic jump, OJ,
requires a separate water surface profJle analysis for the main and
low flow zones. Any change in tailwater affects the stability of the
jump in both locations.

e.

where:
Ld =

Yr =

On =
Yp =

Y 1 =

Y2 =

Length from the crestwall to the impingement
of the jet on the floor (ft),
Effective fall height from the crest to the basin
floor (ft),
Drop Number,
Pool depth under the nappe downstream ofthe
crest (ft),
Flow depth on the basin floor just below where
the nappe contacts the basin (ft), and
Required tailwater depth (sequent depth)
required to cause the jump to form at the
point evaluated (ft).

•
f. Caution is advised regarding the higher unit flow condition in the low

flow zone. Large boulders and meanders in the trickle zone of the
basin are shown to help dissipate the 'jet, and rock is extended
downstream along the low flow channel. This results in three possible
basin length design conditions:

1) At the main channel zone:

Lam = Ldm + Djm + 60% (6Y2)m
where:

(6.12)
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=

=
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Design basin length, main channel (ft),
Nappe length, main channel (ft),

•



•
= Distance to the hydraulic jump, main channel

(ft), and
Sequent depth, main channel (ft).

2) At the trickle zone, standard design:

(6.13)

where:
I

~t =
Ldt =

Djt =

Design basin length, trickle channel (ft),
Nappe length, trickle channel (ft),
Distance to the hydraulic jump, trickle channel
(ft), and
Sequent depth, trickle channel (ft).

3) When large boulders or baffles are used to confine the jump
to the impingement area of the low flow zone, the low flow
basin length may be reduced:

• g.

(6.14)

The basin floor elevation is depressed a depth B, variable with drop
height and practical for trickle flow drainage. Note that the basin
depth adds to the effective tailwater depth. The basin is constructed
of concrete or grouted rock. Either material would have to be
evaluated for the hydraulic forces and seepage uplift.

• November. 1989

h. There is a sill at the basin end to bring the invert elevation to that
of the downstream channel and side walls extending from the crestwall
to the sill. The sill is important in causing the hydraulic jump to form
in the basin. Buried riprap should be used downstream of the sill to
minimize any local scour caused by the lift over the sill.

1. Water surface profile analyses have proven that base widths of the
rectangular crest which are less than that of the channel will result
in high unit discharges and velocities, thereby requiring unreasonable
extensions of both the basin length and upstream rock protectiort.
Roughness in the basin area can reduce the basin length required to
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contain the hydraulic jump. This is the primary advantage of the use
of grouted rock in the drop basin. •

2. Construction Considerations

.Foundation and seepage concerns are very critical with regard to the vertical
wall, as poor control can result in sudden failure. The use of caissons or pile
can mitigate this effect. Put in comparative terms with the baffle chute,
seepage problems can result in displacement of the vertical wall with no
warning, where the box-like structure of the baffle chute may evidence some
movement or cracking, but not total failure, and thus allow time for repairs.

The quality control concerns and measures for reinforced concrete are
described under baffle chutes. The foundation concerns for the wall are
critical as described above. The subsoil. conditions for the basin are also
important so that the basin concrete or grouted riprap is stable against uplift
pressures.

November, 1989

A grouted boulder stilling basin provides roughness, which is useful in
shortening the basin length. As the name implies, the basin should be
constructed of individual boulders placed on a prepared subgrade. Boulders
should be a minimum dimension that exceeds the grout layer thickness, so
that the contractor and the inspec;or can see and have grout placed directly
to the subgrade and completely filling the voids. Graded riprap should not
be used for grouting, as the· smaller rock prevents the voids from being
completely filled with grout. The result is a direct piping route for water
beneath the grout, and a structural slab with insufficient mass. The completed
combination of boulders and grout should have an overall mass sufficient
to offset uplift forces. A minimum dimension of 18-inches is recommended
for boulders and 12-inches for the grout layer. By maintaining the finished
surface of the grout below the top of the boulder, both appearance and
roughness characteristics are enhanced. Seepage relief for the basin slab
should be provided.

This type of structure has a moderate level of construction difficulty. The
wall, once foundation conditions are addressed, is conventional construction.
It is very possible for the construction of the seepage control and earthwork
to go awry and problems to go undetected until the time of failure. The flat
concrete or grouted rock placement is easier for the contractor than graded
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rock placement/quality control, but again poor placement and undetected
subsoil, bedding or rock problems can result in failure. Thus, it is easier
than many other types of construct, but susceptible to some hidden risks
and problems.

Vertical Riprap Basin Drops

As shown in Figure 6.12, this 'structure consists of a vertical wall the same width as
the bed of the approach channel; vertical wingwalls at the drop section to direct the
flow into the basin below; and a riprap-lined plunge pool. This design is particularly
well suited for lower flows and drop heights. Submergence by high tailwater can
limit the dissipation efficiency.

The hydraulic design was developed through model testing by C.D. Smith and D.K
Strang (Scour in Stone Beds. 1967). Design procedures were further developed by
M.A. Stevens (Hydraulic Design Criteria for Riprapped Chutes and Vertical Drop

. Structures. UDFCD. 1981).

In this structure, flow passing over the vertical crest wall plunges into a riprap basin
area. Energy is dissipated by turbulence in the plunge pool. Loose riprap is placed
in the basin according to the initial design specifications. The rock is successively
rearranged by inflows until a more stabilized basin plunge pool is formed. The
depth of the scour hole, ds' and the nominal rock size are inversely related.

Structural design for the vertical crest wall is complicated by the lack of downstream
support, seepage, soil saturation and hydraulic loading on the upstream side. In
sandy or erosive soils, it is common to use sheet pile for the crest wall construction,
while caissons may be an acceptable foundation for certain other applications. A
concrete retaining wall is frequently selected for ease of construction, seepage
control and low maintenance.

1. General Hvdraulic Design Procedure

The hydraulic analysis of this type of drop is generally similar to that
presented in Section 6.2.4B for crest hydraulics. The design of the flexible
plunge pool basin is described below.
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Figure 6.12

VERTICAL RIPRAP BASIN DROP

(from: Hvdrnulic Design Criteria for Riprnpped Chutes and Vertical Drop Structures.

M. A. Stevens, UDFCD (Denver. Colorado). 1981) •
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e·
The desired drop across the structure is the difference in the bed elevations
of the approach channel at the weir and the downstream channel at the end
of the structure. Let this difference be Hd• It follows from Figure 6.12 that:

=
=

=

Desired drop across structure (ft),
Jet plunge height (ft), and
Depth of scour in riprap basin (ft).

(6.15)

e

e
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2.

The designer must find the combination of rock size and jet plunge height
D that gives a depth of scour which balances Equation 6.14. The relation
between rock size dso' jet plunge height D, head on the weir, H, (H = 1.5Yc)

and depth of scour ds is given in Figure 6.13. As these values will be
different in the main drop and the trickle, the design dso and/or ds will vary.

To obtain an adequate cutoff, the depth of the vertical wall that forms the
weir crest must extend below the bottom of the excavation for the riprap.
Thus, it usually becomes uneconomical to design a scour depth ds' any greater
than a.3D. To meet this limitation in the field it is necessary to: increase the
rock size dso; decrease the jet plunge height D (by using more drops);
decrease H (by using a wider structure); or, to use another type of drop
structure.

The side slopes in the basin must be riprapped also as there are strong back
currents in the basin. Granular filter material is required under this riprap.
The side slopes in the basin should be the same slope as for the downstream
channel.

Construction Considerations

Foundation and seepage concerns are critical with regard to the vertical wall
in this type of drop. It also generally more critical than an equivalent vertical
drop into a hard basin because the riprap basin may scour and reshape,
leaving less supporting material on the downstream side. Thus, if seepage
is worse than anticipated, backfill is poor, or if seepage control measures are
not functioning, an immediate and severe structure stability problem can
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(from: Hydraulic Design Criteria for Riprapped Chutes and Vertical Drop Structures.

M A. Stevens. UDFCD (Denver, Colorado). 1981)
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occur. The use of caissons or pile can mitigate this effect. Seepage problems
can result in displacement of the vertical wan with no cracking as an advance
warning. Seepage can also cause piping failure where the water will actually
flow under the vertical wall.

Problems can result from rock that does not meet specifications for durability,
specific gravity or gradation. Quality control of rock installation can be
difficult in regard to measuring performance and maintaining consistency.
Undersized rock in the plunge pool basin can cause the basin to reshape
differently than designed and result in stability problems for the wall, the
basin and the downstream channel.

This type of structure has a moderate level of construction difficulty. The
wall, once foundation conditions are addressed, is straight forward. It is very

possible for the construction of the seepage control and earthwork to go
awry and for problems to go undetected until the time of failure. The flat
riprap placement is easier than sloping, but again poor placement and
undetected subsoil, bedding or rock problems can all contribute to failure.

Sloping Concrete Drops

The hydraulic concept of these structures is to dissipate energy by formation of a
conventional hydraulic jump, usually associated with a reverse current surface flow
as the supercritical flow down the face converts to subcritical flow downstream.

Numerous concepts have been investigated. Among them are the Saint Anthony
Falls (SAF) Stilling Basin, and the U.S. Bureau of Reclamation (USBR) Basins I,
II. III, and IV (Hydraulic Design of Energy Dissipators for Culverts and Channels.
HEC·14. FHA. 1975, and Hvdraulic Design of Stilling Basins and Energy
Dissipators. Peterka;, A.J., USBR. 1958). These drops and associated basins are
suited for different kinds of situations.

The Saint Anthony Falls Stilling Basin and the USBR Basins (with the exception
of Type I) all work at techniques to shorten the basin length. In the USBR Basin
I, no special measures are provided. On the smooth concrete basin it can take
considerable basin length to "burn off' enough energy to dissipate the supercritical
flow of where a jump will begin. and then more length to allow for the turbulence
of the jump. Basin I would be relatively expensive because of its length. The other
basins require a certain amount of tailwater, which requires depressing the basin,
and the use of baffles or other shapes to allow shorter basins, related dissipation
and control of troublesome wave patterns.
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Figure 6.14 illustrates the various types of stilling basins for use with sloping concrete
drops.

1. General Hydraulic Design Procedure

Design procedures for USBR Basins II~ III, and IV and the SAP Stilling
Basin are presented in Hydraulic Design of Energy Dissipators for Culverts
and Channels and Hydraulic Design ofStilling Basins and Energy Dissipators
(Peterka, A. J., USBR. 1958).

Analysis of channel approach and crest hydraulics generally follows the
guidelines presented in Section 6.2.2. Once water surface profIles have been
determined~includingtailwater determination and supercriticalwatersurfaces
down the 'sloping face~ seepage uplift forces must be evaluated. Net uplift
forces vary as a function of location along the drop~ cutoff measures~ drain
gallery locations and water surface profiles through the basin.

•
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For a stable structure, net uplift force from seepage must be countered by
net forces in the downward direction. For a smooth concrete chute,
downward forces are the buoyant weight of the concrete structure and the
weight of water (a function of the depth of flow). Significant pressure
differentials can occur with a combination of high seepage forces and shallow •
supercritical flow. Seepage analyses should be conducted using Lane~s

weighted creep methodology (Section 6.2.2D), and suitable countermeasures
designed. Such measures include cutoff walls~ weep drain galleries and

concrete slab thickness design. A range of flood discharges should be
evaluated~ since differential pressure relationships can vary with flow depth
and location of hydraulic jump.

2. Construction Considerations

There may be applications where sloping concrete drops are advantageous,
but" generally other drops such as baffle chutes or vertical drops are more
appropriate for a wider range of applications. The design guidance provided
by the literature is clear and relatively easy to use~ but the implementation
is often difficult or impractical. This basically has to do with providing basin
depth without creating a maintenance problem and less flexibility in adapting
to varying bed conditions.

•
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Figure 6.14

STILLING BASINS FOR SLOPING CONCRETE DROPS
(adapted (rom: Hvdraulic Design of Energy Dissipators for Culverts and Channels.

HEC-14. FHA. 1975)
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The integrity of the cutoff is important as seepage and resultant uplift forces •
are key concerns. Uncontrolled underflow could easily lift a major concrete
slab.

The stilling basin should be designed to drain completely, to eliminate
nuisances related to ponded water, such as mosquito breeding and
sediment/debris accumulation.

Considerations relating to general concrete construction are the same as
discussed previously for baffle chute drops. Public acceptability is likely to
be low in urban areas, as the sloping concrete face is inviting for bicyclists,
roller skaters, and skate board enthusiasts.

E. Other Types of Drop Structures

There are numerous other types of drop structures for specific applications in
drainage design. The four types of structures presented above are appropriate for
the majority of situations to be encountered in Maricopa County. Some possible
variations or modifications are presented below along with a few specialized types.

November. 1989

1. Sloping Drop Variations

The use of soil cement, roller compacted concrete, and grouted boulders are
possible variations in sloping drop design. The primary concern with soil
cement is its ability to resist the high abrasive action of turbulent· flow
associated with a drop structure. Adequate countermeasures would be
required to demonstrate the suitability of soil cement prior to its approval
for use on drop structures.

Addition of roughness elements on the face of a sloping concrete drop can
provide increased energy dissipation. "Stepped" concrete has been
successfully applied at spillways and drop structures. Roller compacted
concrete is a methodology that can achieve the stairstep geometry on the
face of a sloping drop. Reinforced concrete steps can be constructed by
standard construction methods on small structures.

Construction c.f a drop with grouted boulders is another means of creating
desirable roughness on the sloping face and in the stilling basin (Figure 6.15).
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NOTES:

1) CL.EAN ALL. DIRT FROM VOIOS BEFORE GROUTING.
2) PLACE BOUL.DERS WITH FLATTEST SURFACE ON TOP

AND HORIZONTAL.. PL.ACE BOUL.DERS IN INTERL.OCKING
FASHION, TOUCHING ADJACENT BOUL.DERS AND MINI
MIZING VOIDS.

3) DEPTH OF ROCK (Dr) AND DEPTH OF GROUT CDQ) AS
CAI.l.£D OUT ON PL.ANS.

4) GROUT TO PENETRATE FUL.L. DEPTH OF ROCK AND
F'IL.L. AL.L VOIDS.

51 CLEAN ALL GROUT FROM EXPOSED SURFA~'S

•

6"MINIMUM
INTERL.OCK

GRAVEL. GALL.ERY L.INED AND
COVERED WITH FIL.TER
MATERIAL.

2" pvc 0 4' O.C. BOTH WAYS.
COVEA DURING GROUTING. CUT
TO 2" ABOVE Fl NI~HED GROUT
GRADE. INSTAL.L. 2' 90° PVC
BEND POINTING OOWNSTEAM.

,;., . ~ EARIES

CL.EAN GROUT FROM
XpOSED SURFACES

END OF 2" PVC TO EXTEND 3" INTO
GR AVEL GAL.L.ERY. SECURE STAINLESS
STEEL 3/16" (mall.) MESH TO END OF
PIPE.

Figure 6.15

GROUTED BOULDER PLACEMENT
(adapted from: Urban Stann Drainage Criteria Manual. UDFCD (Denver. Colorado)

Revision Draft. McLaUghlin Water Engineelli. Ltd. 1980)
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However, because the structure is comprised of a structural slab with two •
components (boulders and grout), great care must be taken to design the
structure to withstand uplift and to specify boulder and grout material to
assure full quality control in the field. Seepage analysis is required to
determine a compatible combination of cutoffdepth, location of the toe drain
and/or other drains, and the thickness of rock and grout. Problems with rock
specific gravity, durability and hardness are of concern. Gradation problems
are largely eliminated because the boulders are specified to meet minimum
physical dimensions and/or weights, which is much easier to observe and
enforce in the field than with graded riprap.

November, 1989

The handling of the large boulders requires skilled manpower and specialized
equipment. Equipment similar to logging tongs, and specially modified
buckets with hydraulically powered "thumbs" have been used in recent years
which greatly improve quality and placement rates. The careful placement
of stacked boulders, so that the upstream rock is keyed in behind the
downstream and placed with a large flat surface horizontal has been
demonstrated to be successful (see Evaluation of and Recommendations for
Drop Structures in the Denver Metropolitan Area. UDFCD. Taggart, W.
c., MWE, Ltd. 1986).

The greatest danger lies with "a "sugar coated" grout job, where the grout
does not penetrate the voids between the rock and the subgrade, leaving a
direct piping route for water under the grout. This can easily occur when
attempting to grout graded riprap, thus the need to use individual boulders
that are larger in diameter than the grout layer so that the contractor and
the inspector can see and have grout placed directly to the subgrade. The
best balance appears to be boulders 33% to 50% greater in size than the
grout thickness, but of an overall mass sufficient to offset uplift. Also, when
holding grout to this level, the appearance will be much better. The grout
should have a minimum 4,000 psi compressive strength at 28 days, stone
aggregate with a maximum dimension of one-half inch and a slump within
a range of 4- to 7-inches. The water/cement ratio should not exceed 0.48.
Addition of synthetic fiber reinforcement is also recommended to provide
crack control, better durability and increased abrasion resistance.
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2.

3.

Other USBR Basins

Some other stilling basins developed by the U.S. Bureau of Reclamation
(Hydraulic Design of Stilling Basins and Energy Dissipators. Peterka, A. l.,

USBR. 1958) have limited application. For example, Basin I is basically a
horizontal concrete apron downstream of a sloping or vertical drop. This
type of basin is applicable only to a concrete lined channel, and, as the
USBR states, has wave problems that are difficult to overcome. Maintenance
of sufficient tailwater depth is important to cause a hydraulic jump within a
practical zone close to the toe of the drop. Generally, other types of USBR
basins are better alternatives to Basin I.

USBR Basin V is a stilling basin with sloping apron, and provides dissipation
as effective as that which occurs in the basin with a horizontal apron. Again,
adequate tailwater is a must. This type of structure would have an
application as a spillway into a pond with a permanent pool, so that minimum
tailwater is essentially guaranteed.

Box Inlet Drop Structure

The box inlet drop structure may be described as a rectangular box open at
the top and downstream end (Figure 6.16) Water is directed to the crest of
the box inlet by earth dikes and headwalls. A flow enters over the upstream
end and two sides and leaves the structure through the open downstream
end. The long crest of the box inlet permits large flows to pass at relatively
low heads. The width of the structure need be no greater than the
downstream channel. It is applicable for drops from 2 feet to 12 feet.

The outlet structure can be adjusted to fit a wide variety of field conditions.
It is possible to lengthen the straight section and cover it to form a highway
culvert. The sidewalls of the stilling basin section can be flared if desired,
thus permitting use with narrow channels or wide flood plains. Flaring the
sidewalls also makes it possible to adjust the outlet depth to that in the
natural channel.

Design guidelines are presented in Hvdraulic Design of Energy Dissipation
for Culvert and Channels (Corry, M., L. et. al. HEC-14. FHA. 1975).
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Low Flow Check Structures

Low flow check structures and associated erosion control techniques can be effective
in stabilizing natural channels and other unlined channels. With the advent of
floodplain management and regulation, private developers are frequently directed
to preserve the floodplain. Unfortunately, urbanization creates more frequent and
sustained flows. The overall floodplain may remain relatively stable, but the low
flow channel becomes more susceptible to erosion.

Stream stabilization of base flow channels involves determination of the stable slope
and configuration for a variety of frequent runoff rates, with particular emphasis on
the dominant discharge (mean annual flood). Local soils, bed materials and
sediment gradation must be considered.

Low flow check structures are designed to provide control points and
establish/maintain stable bed slopes within the base flow channel. Other options
include low flow (trickle) channel lining, toe riprap, control sills across the floodplain,
revetments and groins.

Check structures are frequently submerged during higher flood events. The
application and sizing is complex because of the need to address a wide range of
flows. Although the checks may stabilize the channel for low flows, they may be in
jeopardy from mid- to high-range flows as water goes around the check abutments.
Extensive care is needed with seepage cutoff and abutments that key far back into
areas that are less likely to be damaged during high flows. Care should be taken to
have a depressed stilling area to avoid a secondary drop at the end to the drop. In
any case, ongoing maintenance of check structures will be likely and should be
considered in the design so later repairs are practicable.
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6.3 CONDUIT OUTLET STRUCTURES •6.3.1 General

Concrete energy dissipation or stilling basin structures are required to prevent scour
damages caused by high exit velocities and flow expansion turbulence at conduit outlets.
Outlets structures can provide a high degree of energy dissipation and are generally effective
even with relatively low tailwater control. Rock protection at conduit outlets is appropriate
where moderate outlet conditions exist; however, there are many situations where rock
basins are impractical even at low to moderate flow conditions. Concrete outlet structures
can be designed easily and are suitable for a wide variety of site conditions. In some cases,
they are more economical than large rock basins, particularly where long term costs are
considered.

6.3.2 Riprap Protection at Conduit Outlets

A stilling basin constructed of loose, graded riprap can be an effective and economical
energy dissipation measure for a conduit outlet. The FHA publication, entitled "Hydraulic
Design of Energy Dissipators for Culverts and Channels" contains a design procedure for
riprap energy dissipators based on studies conducted at Colorado State University and
sponsored by the Wyoming Highway Department. The following conclusions were drawn
from an analysis of the experimental data and observed operating characteristics.

The depth (hs)' length (Ls)' and width (Ws) of the scour hole were related to the
characteristic size of riprap (dso)' 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!Yo) was less than 0.75 and the ratio
of scour depth to size of riprap (hs!dso) 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; Le., if the mound from
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• a stable scoured basin was removed and the basin was again subjected to design flow, the

scour hole enlarged somewhat.

For high tailwater basins (TW/Yo greater than 0.75) the high velocity core of water emerging
from the culvert retained its jet-like 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. Consequently, riprap may

be required for the channel downstream of the rock-lined basin.

General details of the basin are shown. on Figure 6.17. Principal features of the basin are:

1. The basin is preshaped and lined with riprap of median size dso•

2. The surface of the riprapped floor of the energy dissipat~g pool is constructed at

an elevation, hs' below the culvert invert. Elevation hs is the approximate depth of
scour that would occur in a thick pad of riprap of size dso constructed at the outfall

of the culvert if subjected to design discharge. The ratio of hs to dso of the material
should be greater than 2 and less than 4.

• 3. The length of the energy dissipating pool is 10 (hs) or 3Wowhichever is larger. The
overall length of the basin is 15 (hs) or 4W0 whichever is larger.

•

1. General Hvdraulic Design Procedure

a. Estimate the flow properties at the brink of the culvert. Establish the brink
invert elevation such that TW/y~0.75 for design discharge.

b. For subcritical flow conditions (culvert set on mild or horizontal slope)

utilize Figure 6.18 or Figure 6.19 to obtain yo/D, then obtain V0 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, V0 will be the normal velocity obtained by

using the Manning equation for appropriate slope, section. and discharge.

c. 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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• d. If the channel protection is required compute the Froude Number for brink

conditions (Ye = (A/2)1/2)' Select dso/Ye appropriate for locally available
riprap (usually the most satisfactory results will be obtained if

0.25 <dso/Ye <0.45). Obtain hs/Ye from Figure 6.20, and check to see that
2 <hsldso <4. Recycle computations if hsldso falls out of this range.

e. Size basin as shown in Figure 6.17.

f. Design procedures where allowable dissipator exit velocity is specified:

1. Determine the average normal flow depth in the natural channel for

the design discharge.

•
g.

2. Extend the length of the energy basin (if necessary) so that the width
of the energy basin, at Section A-A, Figure 6.17, times the average
normal flow depth in the naturalchanneLis 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.

•
November. 1989

h. If high tailwater is a possibility and erosion protection is necessary for the
downstream channel, the following design procedure is suggested:

Design a conventional basin for low tailwater conditions in accordance with

the instructions above. Estimate centerline velocity at a series of downstream
cross sections using the information shown in Figure 6.21. Shape downstream

channel and size riprap using guidelines presented in Chapter 5 and the
stream velocities obtained above.

Additional information regarding design of riprap basins for conduit outlets may be
found in The Hydraulic Design of Energy Dissipators for Culverts and Channels.
Corry, M.L., et. al. HEC-14. FHA. 1975).
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(from: The Hydraulic Design or Energy Dissipators ror Culverts and Channels.
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6.3.3 Concrete Outlet Structures

Hydraulic concepts and design criteria are provided in this section for an impact stilling
basin and adaptation of a baffled apron to conduit outlets. Initial design selection should
include at least the following aspects concerning conduit outlet structures.

1. High energy dissipation efficiency is required - hydraulic conditions exceed the
limits for alternate designs (such as riprap outlet protection).

2. Low tailwater control is anticipated. For example, at outfalls to detention/retention
facilities that are empty or have low water levels.

3. Use of concrete is more economical due to structure size or local availability of
materials.

•

4. Site conditions direct the use of an outlet structure such as public use areas where
plunge pools and standing water are unacceptable or locations with severe space
limitations.

A.

November, 1989

Impact Stilling Basin

Design standards are based on the United 'States Bureau of Reclamation (USBR),
Type VI Basin, commonly referred to as an impact dissipator or conduit outlet
stilling basin. The Type VI Basin is a relatively small structure which produces
highly efficient energy dissipation characteristics without tailwater control. The
original hydraulic design reference is Hvdraulic Design of Stilling Basins for Pipe or
Channel Outlets (Peterka, A.J. USBR. 1958). Additional structural details are
provided in Design of Small Canal Structures (Aisenbrey, A.J., et. al. USBR. 1974).

The structure is designed to operate continuously at the desi~ flow rate. Maximum
entrance conditions are up to 50 feet per second velocity and Froude number less
than 9.0. Conditions exceeding this criteria would be extremely rare in typical urban
drainage applications. As a result, the use of this outlet basin is limited only by
structural and economic considerations.

Energy dissipation is accomplished through momentum transfer as flow entering the
basin impacts a large overhanging baffle. At high flow, further dissipation is
produced as water builds up behind the baffle to form a highly turbulent backwater
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zone. Flow is then re-directed under the baffle to the open basin and out to the
receiving channel. A sill at the basin end reduces exit velocities by breaking up the
flow across the basin floor and improves the stilling action at low to moderate flow
rates.

The generalized design configuration (shown in Figure 6.22) consists of an open
concrete box attached directly to the conduit outlet. The side walls are high enough
to contain most of the splashing during high flows and slope down to form a
transition to the receiving channel. The inlet pipe is vertically aligned with an
overhanging L-shaped baffle such that the pipe invert is not lower than the bottom
of the baffle. The end sill height is equal to the height under the baffle to produce
tailwater in the basin. The alternate and transition (at 45 0) is recommended for
grass-lined channels to reduce the overall scour potential just downstream of the
sill.

The standard USBR design has been modified for urban applications to allow
drainage of the basin bottom during dry periods. The impact basin can also be
adapted to multiple pipe installations. These modifications are discussed following
the basic criteria. It should be noted that modifications to the design may affect the
hydraulic performance of the structure. Model testing is advised for significant
changes to the design.

1. General Hydraulic Design Procedure

a. Determine the design pipe flow rate Q and the effective flow area A
at the outlet. For partial flow conditions, refer to the partial flow
diagram in Section 6.7. Using the relationship Q = AV, determine
the flow velocity V at the pipe outlet. Assume depth D = A 0.5 and
compute the Froude Number = V(gD)O.5.

b. The entrance pipe should be turned horizontal at least one pipe
diameter equivalent length upstream from the outlet. For pipe slopes
greater than 15 0 , the horizontal length should be a minimum of two
pipe diameters.

c. Do not use this type of outlet energy dissipator when exit velocities
exceed 50 feet per second or Froude Numbers exceed 9.0. These
conditions would be extreme and must be considered as special cases.
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GENERAL DESIGN OF THE TYPE VI IMPACT STILLING BASIN
(adapted from: Hydraulic Design of Stilling Basins and Energy Dissipators.
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Performance is' achieved with a tailwater depth equal to half full
flow level in the pipe outlet.

Determine the basin width W by entering Figure 6.23 an with the
appropriate Froude Number and effective flow depth. The remaining
dimensions are proportional to the basin width according to the
legend in Figure 6.18. Note that the baffle thickness, t, is a suggested
minimum. It is not a hydraulic parameter and is not a substitute for
structural analysis.

The basin width should not be increased since the basin is inherently
oversized for less than design flows. Larger basins become less
effective as the inflow can pass under the baffle.

e. Structure wall thickness, steel reinforcement, and anchor walls
(underneath the floor) should be designed using accepted structural
engineering methods. Hydraulic forces on the overhanging baffle
may be approximated by determination of the jet momentum force:

• Fm = PVQ = 1.94 VQ (6.16)

where:
Fm =

1.94 =
Q =
V =

Momentum force (lbs)
Density of water (lbs se2/ft 4)
Maximum design discharge (cfs), and
Maximum exit velocity (fps).

• November. 1989

f. Riprap with a minimum Dso of I8-inches should be provided in the
receiving channel from the end sill to a minimum distance equal to
the basin width. The depth of rock should be equal to the sill height
or at least 2.5 feet. Rock may be buried below finished grades and
the area vegetated as desired to match the site.

g. The alternate end sill and wingwall shown in Figure 6.22 is

recommended for all grass-lined channel applications to reduce the
scour potential below the sill wall.
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"w" is the inside width of the basin.
"0" represents the depth of flow entering the basin and is the

square root of the flow area at the conduit outlet.
II V" is the velocity of the incoming flow.
The toilwater depth is uncontrolled.

F:igure 6.23
DESIGN WIDTH OF BASIN USBR TYPE VI
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(from: Hvdraulic Design of Stilling Basins and Energy Dissipators.

Peterka, AJ., eL al. USBR. 1958)
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Low Flow Modifications

The standard design will retain a standing pool of water in the basin bottom
which is generally undesirable from a safety and maintenance standpoint.
This situation should be alleviated where practical by matching the receiving
channel low flow depth to the basin depth (see Figure 6.24).

A low flow gap is extended through the basin end sill wall. The gap in the
sill should be as narrow as possible to minimize effects on the sill hydraulics.
This implies that a narrow and deeper (1.5 to 2-foot) low flow channel will
work better than a wider gap section. The low flow width should not exceed
60 percent of the pipe diameter to prevent the jet from short-circuiting
through the cleanout notches.

Low flow modifications have not been fully tested to date. Caution is advised
to avoid compromising the overall hydraulic performance of the structure.
Other ideas are possible including locating the low flow gap at one side (off
center) to prevent a high velocity jet from flowing from the pipe straight
down the low flow channel.

The optimal configuration results in continuous drainage of the basin area
and helps to reduce the amount of sediment entrapment.

h. For large basins where the sill height is greater than 2.0 feet, the
depth dimension, d, (in Figure 6.22) may be reduced to avoid a
secondary drop from the sill to the main channel. The low flow
invert thereby matches the floor invert at the basin end and the main
channel elevation is equal to the sill. Dimension d should not be
reduced by more than one-third and not less than 2 feet. This implies
that a deeper low flow channel (1.5 to 2.0 feet) will be advantageous
for these installations.

Note that dimension d is also reduced at the minimum pipe invert
height and at the bottom of the baffle wall.

1. A sill section should be constructed directly in front of the low flow
notch to break up bottom flow velocities. The length of this sill
section should overlap the width of the low flow by about 1 foot. The
general layout for the low flow modifications is shown in Figure 6.24.
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Figure 6.24

MODIFICATIONS OF IMPACT TO STILLING BASIN
(To Allow Basin Drainage for Urban Applications)

(from: Urban Stonn Drainage Criteria Manual. UDFCD (Denver, Colorado) Revision Dralt.

McLaUghlin Water Engineers, Ltd. 1989) •
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•
3. Multiple Conduit fnstallations

Where more than one conduit of different sizes has outlets in close proximity,
a composite structure can be constructed to take advantage ofcommon walls.
This can be somewhat awkward since each basin "cell" must be designed as
an individual basin with different dimensions. Where two conduits of the
same size have close outlets, the structures may be combined into a single
basin as shown in Figure 6.19.

The total width of a combined dual inlet basin can be reduced to three
fourths of the total width for separate basins. For example, if the design
width for each pipe is w, the combined basin width would be 1.5 w.

The effect of mixing and turbulence of the combined flows in the basin has
not been model tested to date. It is suggested that no wall be constructed
to separate flow behind the baffle, thereby allowing greater turbulence in the
combined basin.

•

•

B.

November. 1989

Remaining structure dimensions are based on the design width of a separate
basin W. If the two pipes have different flows, the combined structure
should be based on the higher Froude Number flows.

Baffle Chute Energy Dissipator

The baffle chute developed by Peterka, A.J., et. a1. (Hvdraulic Design of Stilling
Basins and Energy Dissipators. USBR. 1958) has also been adapted to use at pipe
outlets. This structure is particularly well suited to situations with very large conduit
outialls and at outfalls to channels in which some future degradation is anticipated.
As mentioned previously, the apron can be extended at a later time to account for
channel subsidence. Generally, this type of structure is only cost effective if a grade
drop is necessary below the outfall elevation and a hydraulic backwater can be
tolerated in the culvert design.

Figure 6.25 illustrates a general configuration for baffled outlet for a double box
culvert outlet. In this case, an expansion zone occurs just upstream of the approach
depression. The depression depth is designed as required to achieve the flow
velocity at the chute entrance as described in Section 6.2.4A. The remaining
hydraulic design is the same as for a standard baffle chute. The same crest
modifications are applicable to allow drainage of the approach depression, to reduce
the upstream backwater effects of the baffles, and to reduce the problems of debris
accumulation at the upstream row of baffles.
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/ EXAMPLE OF DOUBLE
/ BOX CULVERT OUTLET

~----1r----!----,

SECTION A-A

Figure 6.25

BAFFLE CHUTE PIPE OUTLET

(adapted from: Hydraulic Design of Stilling Basins and Energy Dissipators.

Peterka. AJ., et. aL USBR. 1958)
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• 6.4 SPECIAL CHANNEL STRUCTURES

•

•

6.4.1 Channel Transitions

A flow transition is a change of open channel flow cross section designated to be
accomplished in a short distance with a minimum amount of flow disturbance. Types of
transitions are illustrated in Figure 6.26. Of these, the abrupt (headwall) and the straight
line (wingwall) are the most common.

Specially designed open channel flow transitions (contractions) are normally not required
for highway culverts. A culvert is normally designed to operate with an upstream headwater
pool which dissipates the channel approach velocity and, therefore, negates the need for an
approach flow transition. The side and slope tapered inlets for culverts are also designed
primarily as submerged transitions and are discussed in Chapter 4.

Special inlet transitions are useful when the conservation of flow energy is essential because
of allowable headwater consideration such as an irrigation structure in subcritical flow, or
where it is desirable to maintain a small cross section with supercritical flow in a steep
channel.

Outlet transitions (expansions) must be considered in the design of all culverts, channel,
protection, and energy dissipators. Design considerations for subcritical channel transitions
are presented in The Hydraulic Design of Energy Dissipators for Culverts and Channels.
Corry, M.L., et. a1. HEC-14. FHA. 1975)

6.4.2 Supercritical Flow Structures

A. Acceleration Chutes

Acceleration chutes, whether leading into box culverts, pipes, or high velocity open
channels, are often used to permit reduced downstream cross sections and resulting
reduced costs. Chute spillways may be used in connection with both off-stream and
on-stream detention reservoirs for a control structure and/or a spillway.

Acceleration chutes are potentially hazardous if inadequately planned and designed
(see Design of Small Dams. USBR. 1974, Hydraulic Design of Stilling Basins and
Energy Dissipators. USBR. 1958, and Chute Spillwavs. SCS. 1976). High velocity
flow can wash out channels and structures downstream in short order, resulting in

property damage and uncontrolled flow.
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CYLINDRICAL QUADRANT STRAIGHT LINE

•

•

(adapted from: The Hvdraulic Design of Energy Dissipators for Culverts and Channels.
Corry, M.L., et. aI. HEC-14. FHA. 1975)

WARPED

WEDGE
Figure 6.26

CHANNEL TRANSITION TYPES

ABRUPT

3
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•
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• References cited above address acceleration chutes in greater detail than can be
discussed in this Manual. The designer is referred to these publications for detailed
analysis.

Chutes have four component parts:

*
*
*
*

Inlet
Vertical Curve Section
Concrete, Steeply Sloped Channel
Outlet

Several types of inlets can be incorporated depending on the physical conditions and
the type of control desired, particularly in regard to the use chute spillways for off
stream detention facilities. The types of inlets which should be considered are:

* Straight Inlet

* Box Inlet

* Side-Channel Inlet

• * Culvert Inlet

* Drop Inlet

Normally, the flow must remain at supercritical through the length of the chute and
into the channel or conduit downstream. Care must be exercised in the design to
insure against an unwanted hydraulic jump in the downstream channel or conduit.
The analysis must include computation of the energy gradient through the chute and
in the downstream channel or conduit.

B. Bends

Structures are generally unnecessary in subcritical flow channels unless the bend is
of small radius. Structures for supercritical flows are complex and require careful
hydraulic design to control the flow.

•
November, 1989

Bends are normally not used in supercritical flow channels because of the costs
involved and the hazards introduced. It is possible to utilize banking, easement
curves, and diagonal sills (Design of Channel Curves for SUQercritical Flow. Knapp,
R.T. ASCE. 1951). Sometimes outside bank rollover structures might even be
considered. All of these, however, are generally out of place in urban drainage
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works. Additional design guidelines for open channel bends may be found in the •

Corps of Engineers' Engineer Manual for Hydraulic Design of Flood Control
Channels (1970).

When a bend is necessary, and it is not practical to fIrst take the flow into subcritical
flow, the designer will generally conclude that the channel should be placed in the
closed conduit for the entire reach of the bend, and doWnstream far enough to
eliminate the main oscillations. A model test is usually required on such structures.
Furthermore, the forces exerted on the structure are large and must be analyzed.

The forces involved with hydraulic structures are large, and their analyses are often

complex. The forces created can cause substantial damage if provisions are not
made for their control.

In regard to bends, forces are usually larger than one would intuitively assume.

Newton's Third Law of Motion describes the basic fundamentals: "For every force
acting on a body there is a corresponding force exerted by the body; these two forces
are equal in magnitude but opposite in direction."

For time (t) of one second, •
where:

F
M
v

=

=
=

Force (lbs),

Mass (lb sed1ft), and
Velocity (fps).

(6.17)

November, 1989

The force due to pressure on the bend should also be calculated when conduits flow

under pressure. The total exerted on the bend by the water, the total of momentum
and pressure forces, must be counteracted by external forces. Allowable soil bearing
should be determined using soil tests if necessary. Forces which cannot be handled
by conduit bearing on the soil must be compensated for by additional thrust blocks

or other structures.
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6.5 SAFETY

Hydraulic structures constructed in Maricopa County will usually be subject to public access.
Designs for hydraulic structures must address the issue of safety. First, signage must be
provided to identify the potential hazard of flooding or dangerous flow measures to the
public. Second, appropriate measures must be designed to keep the public away from
hazardous locations. For example, vertical drop structures should not exceed 4 feet in
height, and adequate fencing or railings must be provided along all other walls, such as wing
walls or training walls. Detailed discussion of further considerations for safety is contained
in Chapter 4, Closed Conduits.
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6.6 OPERATION, MAINTENANCE AND AESTHETIC CONSIDERATIONS •
6.6.1 Operation and Maintenance

Hydraulic structures should be designed to be maintainable. As with other drainage
facilities, maintenance operations will consist of scheduled and unscheduled operations.
Scheduled operations include mowing, debris removal, graffiti removal, and rock
replacement. Unscheduled operations are those which follow a storm event and include
debris removal, rock replacement, erosion repair, fence or railing repair and other activities
for which the frequency and scope cannot be predicted. Some maintenance considerations
appropriate for hydraulic structures are presented below. The primary consideration that
is common to all structures is provision of access to key areas (Le. crest area, stilling basin
area) for maintenance equipment and personnel.

• A 4: 1 slope is recommended as a minimum for mowing equipment on landscaped
or grassed bank and transition slopes. The local jurisdictional agency should be
consulted regarding special circumstances for specific site constraints where a steeper
slope may be necessary.

• Transition areas upstream and downstream of the structures should be designed to
drain completely. This applies particularly to stilling basins. •

• Selection and placement of rock for a stilling basin or upstream of a drop crest
should not only consider a size range not easily displaced by flow but also not easily
moved by vandalism. Grouted boulders are a suitable alternative.

Open channels are recommended in lieu of pipes for conveyance of low flows
through the drop structure area. Pipes should be no smaller than 24-inches in
diameter. Low flow channels are preferred over pipes which may plug or frequently
overtop, leading to additional maintenance problems.

• Riprap should be provided at likely scour areas that are relatively expensive to
access and repair later.

•
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6.6.2 Strocture Aesthetics

A. General

Aesthetics, safety, recreation, and overall integration with nearby land uses are
important aspects in the design of hydraulic structures. The design and planning,
construction and maintenance of hydraulic structures and natural drainageways in
an urban setting offers opportunities for promoting aesthetic design and habitat
features. Maximizing functional uses while improving visual quality requires good
planning from the onset of the project, and the coordinated efforts of owner/client,
engineer, landscape architect and planner.

The significance of providing an aesthetic and visually appealing project, depends
on the number, type and frequency of viewer, viewing angle, project location and the
overall environment of the project area. Aesthetic considerations are site and
project specific.

The combination and diversity of forms, lines, colors, and textures create the visual
experience. Material selection and landscape design can provide visual character
and create interesting spaces in and around hydraulic structures.

•

B.
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Open Spaces and Parks

Creative planning concepts in urban and urbanizing areas, particularly in residential
areas, emphasize multiple uses of flood control, recreation and open spaces. Cluster
housing and good subdivision planning may be coordinated to offer opportunities
to maintain the natural habitat characteristics of the drainageway while fulfilling open
space and recreation requirements.

Multiple use of flood control structures and open space parks has been proven to
be an effective and aesthetic land use combination. Athletic fields and detention
areas which remain dry most of the time have been used in many communities. The
design of overflow structures and crest controls can be combined with concrete
pathways to blend with a park-lined environment.
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Materials

A variety of materials and finishes are available for use in hydraulic structures.
Concrete color additions, exposed aggregates and form liners can be used to create
visual interest to otherwise stark walls. The location of expansion and control joints
in combination with reveals can be used to create effective design detailing of
headwalls and abutments. Rock and vegetation can be used for bank stability and
erosion protection around structures to provide visual contrast and diversity, and
spatial character.
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Area (subscripts as shown in figures)

Total projected area of piers normal to flow in square feet

Channel base width upstream and downstream of drop

Channel base width at the drop crest section

Trickle channel width

Basin depth below downstream channel

Coefficient relating to superelevation of water surface that occurs at a bend

Drag force coefficient

Coefficient of maximum pressure fluctuationns from mean pressures level in

a hydraulic jump.

Coefficient of mean pressure fluctuations from mean pressure levels in a

hydraulic jump

Lane's weighted creep ratio

Depth of scour below drop of outfall

Depth of basin tailwater =Y2 + B

Mean diameter of partial (stone)

Height of fall to basin = Hd + B

Bedding layer thickness

Grout depth

Drop number

Rock depth

Energy grade line along main portion of drop

Energy grade line along trickle channel through a drop

Water surface elevation of criteria depth at the crest of a drop

Elevation of crest of a drop at main channel invert drop

Elevation of crest of a drop at trickle channel invert

Specific force

Impact force of flow jet

Momentum force

Gravitational constant



H

J
K

K*

n

Height of baffles for baffled drops

Height of seepage cutoff

Drop height

Total energy head at the crest of the main drop

Differential head, usually at a drop; the difference between theupstream water

surface (normal depth) to the downstream tailwater, or the head difference

between analysis points (e.g. to point of supercritical flow minimum depth)

Total energy at the crest of the trickle channel

Head on structure for weighted creep ration, (headwater-tailwater)

Height of the wingwalls above the main crest

Head loss

Velocity head

Total backwater in feet

~j~

Backwater coefficient for bridges

Total backwater coefficient

Base curve coefficient, part of K

Incremental backwater coefficient

Approach length for upstream and rock protection

Length of basin

Length at a vertical hard drop, from the crest wall to the point where the flow

nappe contacts the basin floor

Length of the drop face for a sloping drop

Length of the hydraulic jump (approximately' 6 Y2)

Length of channel width transition upstream of the drop crest

Length of channel width transition downstream of the drop toe .

Weighted creep horizontal length (seepage)

Weighted creep vertical length (seepage)

Bridge opening ratio, flow which can pass unimpeded through constriction to

total flow in channel

Manning roughness coefficient

Froude number Vj(gy)'h.

Maximum pressure fluctuation at a given location within a hydraulic jump
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CIt
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r

So
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V

W

y

Yc

Yr

Ycm

Ya

Yo

Yp

YNi

Y1

cr

1"

y

e

Discharge in cis

Unit discharge = yV at a given point, in cis/ft

Unit discharge in the main channel at drop = q"'Ycm3
/
2

Unit discharge in the trickle channel at drop = q"'Ya3
/
2

Hydraulic radius

channel centerline radius of curvature

Bed or drop slope (also S used)

Top width of flow in the channel

VelOCity of flow in feet per second

Width

Depth of flow

Critical flow depth

Vertical fall at a drop

Critical depth at a drop in the main channel

Critical depth at a drop in the trickle channel

Normal depth

At a vertical drop, the pool depth under the nappe just below the crest

Actual tailwater depth present downstream of the drop

At a vertical hard drop, the depth of flow immediately downstream of the

point where the nappe contacts the basin, or at the toe of a sloping drop

The tailwater depth required to cause a jump to form immediately downstream

of the sequent depth location for Y1

Channel side slope vertical ratio distance

Drop face slope

Angular variation of sidewall with respect to channel centerline

Kinetic energy coefficient

Standing wave front angle

Correction factor for ~

Shear stress on the bed caused by the flow of water

Specific weight

Angle of inflow at confluences

, '17~I I



6.7.2 Definitions •The following glossary contains terms which may be found throughout this
manual. In certain instances, the definitions provided represent a specific con
notation of the term as it is used within the manual.

Balanced Basin - A watershed or sub-watershed which has been iden
tified as having the potential for a severe increase in flood hazards as
a result of increased urbanization within the basin.

Basin Floor - A rock-filled volume within the bottom of a stormwater
storage facility, and designed for the purpose of temporarily storing runoff
and subsequently disposing of same by the process of infiltration into
the subsurface.

Concentration Point - A hydrologic term which describes any specific
point within a watershed where the surface drainage is to be analyzed.

Critical Basin - A watershed or sub-watershed which has been iden
tified as having severe flooding problems as a result of existing water
shed conditions.

Culvert - A short, closed conduit, typically designed for conveying flow
through an embankment.

Drainage Basin - A geographical area which contributes surface runoff •
to a particular point of interest. The term "drainage basin" and "water-
shed" are used interchangeably within this manu;:!1

Dry Well - An engineered hole with grated inlet designed to accept
stormwater runoff, thereby allowing it to drain into the subsurface strata
which lie immediately above the groundwater table.

Embankment - An artificial mound of earth which can act to impound
water.

Emergency Spillway - An outflow spillway from a stormwater storage
facility which is provided to allow for the safe overflow of floodwaters
should situations arise that were not taken into account under normal
design assumptions.

Flow Hydrograph - The functional relationship between time and flow
discharge, as observed at a particular point within a watershed.
Hydrographs are typically represented either graphically or in tabular
form.

November. 1989

Flood Peak - The largest value of the flow discharge which occurs dur
ing a flood event, as observed at a particular point within the watershed.

Flood Routing - The mathematical simulation of a flood wave as it
moves downstream through a watercourse or detention basin .
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Infiltration - The movement of water through the surface of the soil.
In this manual, the terms "percolation" and "infiltration" will be used in
terchangeably; however, strictly speaking, the term "percolation" is
defined as the movement of water through soil strata (Le., water infiltrates
through the soil surface, and then percolates through the underlying
strata).

Infiltration Trench - A rock-filled trench, possibly containing a per
forated pipe, designed for the purpose of temporarily storing runoff, and
then sUbsequently disposing of it into the sUbsurface by infiltration.

Inflow - Runoff which flows into a stormwater storage facility from the
upstream watershed.

Multi-Purpose Basin - A detention/retention basin which provides
benefits in addition to the primary function of flood control. Such benefits
may include recreation, water harvesting, visual buffers, or parking.

Off-Line Detention/Retention Basin - A stormwater storage facility
which is located near or adjacentto a watercourse, (Le., the channel does
not flow directly into the basin). Inflow to the basin is typically accomplish
ed by means of side weirs.

On-Line Detention/Retention Basin - A stormwater storage facility
which is located within the path of a waterCourse, and thereby typically
intercepts the entire flow from the upstream watershed.

Off-Site Drainage - Stormwater runoff emanating from remote areas
which affect the site under investigation."

On-Site Drainage - Stormwater runoff which emanates directly from
the site under investigation.

Orifice - A small hole designed for draining a stormwater storage
facility.

Outflow - Runoff which exits a stormwater storage facility by means
of an outlet structure.

Outlet - The point at which stormwater runoff flows out of.a,deten
tion/retention facility. Outlets may consist of culverts, weirs, orifices, dry
wells, etc., o~ any combination thereof.

Return Period - The average interval of time within which a particular
magnitude of flood should be equalled or exceeded at least once (e.g,
a flood magnitude having a return period of 100 years will be equalled
or exceeded, on the average, once every 100 years).

Rise Time - The time interval from the beginning of runoff to the time
of peak discharge, as represented by the flood hydrograph.

Scour - The removal of material from the bed and banks of a channel
as a result of flowing water.
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Sediment Trap - An area within a stormwater storage facility which is •
designed to trap the majority of incoming sediments for the purpose of
facilitating maintenance.

Stage - The height of water within a stormwater storage facility, as
measured above an established datum.

Stormwater Detention Basin - A facility which temporarily stores sur
face runoff, and then releases it at a controlled rate through a positive
outlet.

Stormwater Retention Basin - A facility which stores surface runoff,
but is not provided with a positive outlet. No flow is discharged directly
into a downstream watercourse from a retention basin, but may be drain
ed into the subsurface by infiltration.

Subsurface Disposal- Drainage of stormwater runoff into the subsur
face by the processes of infiltration' and percolation. This may be ac
complished through use of dry wells, engineered basin floors, infiltra
tion trenches, etc.

Threshold Retention - A provision which requires retention of the
volumetric difference, or the difference in peak discharge, whichever is
greater, between the pre- and post-development onsite runoff volumes
for the 2-year to S-year flow events.

Time of ConceDtration - The time required for surface runoff to travel
from the hydraulically most remote part of the drainage basin to the point
of concentration.

Trash Rack - A metal bar or grate structure located at the inlet of an
orifice or culvert, and designed so as to prevent blockage of the inlet by
water-borne debris.

Weir (Broad Crested) - An open-channel control section, with a
horizontal crest above which fluid pressure may be considered
hydrostatic. It is normally placed across a stream or a ditch either for the
purpose of diverting or for the purpose of measuring the flow of water.

•
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• 6.7.3 Hydraulic Jump

With the exception of the baffle chute drop,. all of the drop structures described
herein utilize the formation of a hydraulic jump to dissipate energy. A discussion
of this hydraulic phenomenon is presented as follows.

A hydraulic jump occurs when flow changes rapidly from low stage supercritical flow
to high stage subcritical flow. Hydraulic jumps can occur 1) when the slope of a
channel abruptly changes from steep to mild; 2) at sudden expansions or contractions
in the channel section; 3) at locations where a barrier, such as a culvert or bridge,.
occurs in a channel of steep slope; 4) at the downstream side of dip crossings or
culverts; and 5) where channel of steep slope discharge into other channels.

•

Hydraulic jumps are useful in dissipating energy, and consequently they are often
used at drainageway outlet structures and drop structures as an efficient way to
minimize the erosive potential of floodwaters. However, because of the high
turbulence associated with hydraulic jumps, they must be contained within a
well-protected area. Complete computations must be made to determine the height,
length and other characteristics of the jump (including consideration of a range of
flows) in order to adequately size the containment area.

The type of hydraulic jump that forms, and the amount of energy that it dissipates,
is dependent upon the upstream Froude number. The various types of hydraulic
jumps that can occur are listed in Table 6.1.

TABLE 6.1: 'ITPES OF HYDRAULIC JUMPS

UPSTREAM FROUDE
NUMBER 'ITPE OF JUMP

1<F~1.7 Undular Jump

1.7<F~2.5 Weak Jump

2.5<F~4.5 Oscillating Jump

4.5<F~9 Steady Jump

• 9<F Strong Jump

November, ·1989 6.81
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Hydraulic Jump continued

Jump Height. The depth of flow immediately downstream ofa hydraulic jump is
referred to as the sequent depth. The sequent depth in rectangular channels can be
computed by use of the following equation:

•
(6.2)

Where:Yl = Initial (upstream) flow depth, in feet;
Y2 = Sequent (downstream) flow depth, in feet; and, .
F1 = Froude number upstream of the jump.

The solution for sequent depth in trapezoidal channels can be obtained from a trial
and-error solution of Equation 6.3. Equation 6.3 is derived from momentum
equations. It is also acceptable, for design purposes, to determine the sequent depth
in trapezoidal channels from Equation 6.2. Equation 6.2 is much simpler to solve,
and produces only slightly greater values for sequent depth than does Equation 6.3.

Where:Yl and Y2 are as defined previously; and,
b = Channel bottom width, in feet;
Z = Channel side-slope (horizontal distance over vertical distance), in feet

per foot; and,
Q = Channel discharge, in cubic feet per second.

ZY\ +by2
1 +.Jl. = Zy32 +by22 +.Jl.

3 2 gAl 3 2 gA2

(6.3)

•
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Jump Length. The length of a hydraulic jump is defined as the distance from the
front face of the jump to a point immediately downstream of the roller. Jump length
can be determined from Figures 6.21 and 6.22 in Section 6.7.

Surface ProfIle. The surface profIle of a hydraulic jump may' be needed to design
the profile of extra bank protection, or training walls for containment of the jump.
The surface profIle can be determined from Figure 6.23 in Section 6.7.

Jump Location. In most cases, a hydraulic jump will occur at the location in a
channel where the initial and sequent depths and initial Froude number satisfy
Equation 6.2. This location can be found by performing direct-step calculations in
either direction toward the suspected jump location, until the terms of the equation
are satisfied. Specific force analysis can also be used by employing equation 6.1 to •
establish where a jump will occur.
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• Hydraulic Jump continued

Undular Jump. An undular hydraulic jump the type of jump which occurs where
the upstream Froude number is between 1.0 and 1.7. This type of jump is
characterized by a series of undular waves which form on the downstream side of
the jump. Experiments have shown that the fIrst wave of an undular jump is higher
than the height given by Equation 6.2. Therefore, the height of this wave should
be determined as follows:

(6.4)

where all terms are as previously described.

•

•
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Figure 6.28
HEIGHT OF A HYDRAULIC JUMP

FOR A HORIZONTAL, TRAPEZOIDAL CHANNEL
(using Hydraulic Depth)

(from: Citv of Tucson. Floodplain and Drninage Standard \fanual. (Draft version)

Simons. Li and Associates. Inc. June. 1988)
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Figure 6.30

LENGTH OF A HYDRAULIC JUMP
FOR NON-RECTANGULAR CHANNELS

(from: Citv of Tucson. Aoodplain nnd Drainage Standard Manual. (Draft version)

Simons. Li nnd Associates•. lnc. June. 1988)
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Figure 6.31

SURFACE PROFILE OF A HYDRAULIC JUMP
(from: Citv of TUClon, Floodplain and Drainage Standard Manual, (Draft version)

Simons, Li and Associates. Inc, June. 1988)
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d · depth 01 IIow a · discharge In cubic teet per second bv Manning's formula
0 · d.ameter of pope n · Mann.ng', coeft,ctent
A · ar.. of lIow 5 · stope of the channel bottom and of the water surface
R · hvdraullc radIUS

d A R an an d A R an On
0 0 2 0 08/35"2 J3/'Js1/2 0 0 2 0 08/3S"2 J3/35 112

0.01 0.0013 0.0066 0.00007 15.04 0.51 0.4027 0.2531 0.239 1.442
0.02 0.0037 0.0132 0.00031 10.57 0.52 0.4127 0.2562 U.247 1.415
0.03 0.0069 0.0197 0.00074 8.56 0.53 0.4227 0.2592 0.255 1.388
0.04 0.0105 0.0262 0.00138 7.38 0.54 0.4327 0.2621 0.263 1.362

0.05 0.0147 0.0325 0.00222 6.55 0.55 0.4426 0.2649 0.271 1.336
0.06 0.0192 0.0389 0.00328 5.95 0.56 0.4526 0.2676 0.279 1.311
0.07 0.0242 0.0451 0.00455 5.47 0.57 0.4625 0.2703 0.287 1.286
0.08 0.0294 0.0513 0.00604 5.D9 0.58 0.4724 0.2728 0.295 1.262
0.09 0.0350 0.0575 0.00775 4.76 0.59 0.4822 0.2753 0.303 1.238 I
0.10 0.0409 0.0635 0.00967 4.49 0.60 0.4920 0.2776 0.311 1.215
0.11 0.0470 0.0695 0.01181 4.25 0.61 0.5018 0.2799 0.319 1.192
0.12 0.0534 0.0755 0.01417 4.04 0.62 0.5115 0.2821 0.327 1.170
0.13 0.0600 0.0813 0.01674 3.86 0.63 0.5212 0.2842 0.335 1.148
0.14 0.0668 0.0871 0.01952 3.69 0.64 0.5308 0.2862 0.343 1.126

0.15 0.0739 0.0929 0.0225 3.54 0.65 0.5404 0.2882 0.350 1.105
0.16 0.0811 0.0985 0.0257 3.41 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 3.17 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 0.1206 0.0406 2.96 0.70 0.5872 0.2962 0.388 1.004
0.21 0.1199 0.1259 0.0448 2.87 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 2.71 0.73 0.6143 0.2998 0.409 0.947
0.24 0.1449 0.1416 0.0585 2.63 0.74 0.6231 0.3008 0.416 0.928

0.25 0.1535 0.1466 0.0634 2.56 0.75 0.6319 0.3017 0.422 0.910
0.26 0.1623 0.1516 0.0686 2.49 0.76 0.6405 0.3024 0.429 0.891

I0.27 0.1711 0.1566 0.0739 2.42 0.77 0.6489 0.3031 0.435 0.873
0.28 0.1800 0.1614 0.0793 2.36 0.78 0.6573 0.3036 0.441 0.856
0.29 0.1890 0.1662 0.0849 2.30 0.79 0.6655 0.3039 0.447 0.836

0.30 0.1982 0.1709 0.0907 2.25 0.80 0.6736 0.3042 0.453 0.821
0.31 0.2074 0.1756 0.0966 2.20 0.81 0.6815 0.J043 0.456 0804
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 2.09 0.83 0.6969 0.3041 0.468 0.770
0.34 0.2355 0.1891 0.1153 2.05 0.84 0.7043 0.3038 0.473 0.753

0.35 0.2450 0.1935 0.1218 2.00 0.85 0.7115 0.3033 0.477 0.736
0.36 0.2546 0.1978 0.1284 1.958 0.86 0.7186 0.3026 0.481 0.720
0.37 0.2642 0.2020 0.1351 1.915 0.87 0.7254 0.3018 0.485 0.703
0.36 0.2739 0.2062 0.1420 1.875 0.88 0.7320 0.3007 0.488 0.687
0.39 0.2836 0.2102 0.1490 1.835 0.89 0.7;j84 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 0.92 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 1.665 0.94 0.7662 0.2895 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 0.553
0.47 0.3627 0.2401 0.208 1.559 0.97 0.7785 0.2787 0.494 0.535
0.48 0.3727 0.2435 0.216 1.530 0.98 0.7817 0.2735 0.489 0.517
0.49 0.3827 0.2468 0.224 1.500 0.99 0.7841 0.2666 0.483 0.496

0.50 0.3927 0.2500 0.232 1.471 1.00 0.7854 0.2500 0.463 0.463

Figure 6.32

UNIFORM FLOW IN CIRCULAR SECTIONS FLOWING PARTLY FULL

November. 1989 6.89



6.8 DESIGN EXAMPLES

Open Channel Drop Structures
Design Example For Vertical Drop With Riprap Basin*

A rock r;prapped vertical drop structure is to be used to drop the flow
in the drainage channel a vertical distance of 4 ft.

Approach Conditions: The approach channel is trapezoidal in cross-section
wi th a bed width

80 = 10 ft

and 2 horizontal to 1 vertical side slopes. The design discharge is

Q=360 ft3/s

the depth of flow is

Yo = 4.00 ft

and the average velocity is

Va = 5.00 ft/s

The specific energy in the approach channel is

Eo =Yo + V0 2/2g = 4.00 + 0.39 = 4.39 ft.

Weir Crest: Make the length of the weir

B = 10 ft.

The head on the weir required to pass the design flow is, from Equation 1

H = (360/(5.67 X 10))°·67 = 3.43 ft.

The height of the weir crest is, from Equation 2,

P =4.39 - 3.43 = 0.96 ft.

If drawdown can be tolerated in the approach channel, the weir crest
should be placed at the bed level of the approach channel; that is
~ = O. If not, make P = 1.0 ft. Here use P = 1.0 ft.

The height of the wingwalls is from Equation 3

h = 3.5 ft.

•

•

* Stevens, ivlichael A., Hydraulic Design Criteria for Riprapped Chutes and •
Vertical Drop Structures, prepared for Urban Drainage and Flood Control
District, 1981.

November. 1989
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Basin: The problem is to find the drop height 0 :nd.rock size dm
such that z is 4.0 ft. The depth of flow leaving the basin is
v = 4.0 ft .
:2

Start by using the largest rock size that has been tested in the model.
That is

First. try

D = 6.0 ft

so that

drn= 1. 0 ft

H/D= 0.57

Now a trial-and-error solution is required to find the depth d that
satisfies both the curves in Figure 2 and the equation 2

Here d
s

is the depth of scour in ft. The calculations are summarized in
Table 1.

The procedure is to select a trial value of dz ' compute dzlD, obtain ds/D
from Figure 2, and then compute dz from the above equation. \·Jhen the trial
value and the computed value of dz agree. that is one solution.

For the first try:

D = 6.0 ft
dz= 5.5 ft

z = 6.0 - 1.0 - 1.5 = 3.5 ft

which is less that the required drop, 4 ft. Therefore, a larger D is
needed. In this case, a value of 8 ft is assumed, resulting in dz= 5.5 ft
andz = 5.5 ft which is too large.

These two trial results for 0 and z are plotted in Figure 3 so that a
new ( and hopefully) final value for D can be selected to yield z = 4.0 ft
the desired drop. The interpretation is that 0 = 6.5 ft which, as shown
in Table 1, turns out to be the required result. The design values are:

o = 6.5 ft
P = 1.0 ft
d = 1.1 ftm
ds= 2.2 ft

{" '-1/



From Equation 4

Lb = 4 x 3.43 + 0.25 x 6.5

= 15 ft.

The minimum depth of rock in the plunge pool is

1.5ds= 3.3 ft

and the minimum thickness of the riprap on the side slopes is

t =1.5dm = 1.65 ft.

A gravel filter ;s necessary between the soil on the bottom of the plunge
pool and on the cut slopes ard the riprap. Usually 6 in. of well-graded
pit-run gravel (minus 3 in.) is all that ;s required for a filter if the
riprap is well-graded.

•

•

•



TABLE 1

• Calculations of Basin Dimensions
.."-'-

·0 dm HID Trial dZ dZ/D d/D d.s 0.67ds Resulting d
Z

ft ft ft ft ft ft----

6.0 1.0 0.57 5.0 0.83 0.45 2.76 1.85 5.85
6.0 1.00 0.30 1.80 1.21 5.21
5.5 0.92 0.38 2.28 1.53 5.53 ok

"Z = 6~0 - 1.0 - 1.5 = 3.5 ft ~ 4.0 ft.

8.0 1.3 0.43 "7.0 0.88 0.18 1.44 0.96 4.96
6.0 0.75 0.25 2.00 1.33 5.33
5.5 0.69 0.28 2.24 1.47 5.47 ok

z =8.0 - 1.0 - 1.5 = 5.5 ft ~ 4.0 ft.

6.5 1.1 0.53 6.0 1.00 0.23 1.50 1.00 5.00
5.5 0.85 0.33 2.15 1.44 5.44 ok

• .Z = 6.5 - 1.0 - 1.5 = 4.0 ft.

•
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•
Condui~ Outl~t Protec~ion

Design :xamples For RipraD 3asins
(6'~m: "flu. it,dr4"'f":'- R";''' '1 en""'=t j), ...",;__ h~_. J/P-C,4/4-.PHA. ~Y~.I/f.,-.c:rcd. /':;7:1')

Design Example No. 1

Given:

Find:

Solution:

8 ft. by 6 ft. box culvert, 0=800 cfs, supercritical
flow in culvert, normal flow depth = brink depth
Yo=4 ft., Tailwater depth TW=2.8 ft.

Riprap basin dimensions for these conditions:

2<hs /dSO<4 O.K.

•

1. Yo=Ye for rectangular section, Ye=4 ft.

2. Vo=0/A=800/(4) (8)=25 fps

3. Fr=Vo!(32.2) (Y e )] 1/2=25/(32.2) (4) J112=2.20

4. TW/Ye=2.8/4.0=0.7 TW/Ye<0.7S .O.K.

5. Try dSO/Ye=O.45, dSO=(O.45) (4)=1.80 ft.

From figure ~.t.(), h s/Ye=1.6

h s=(4) (1.6)=6.4 ft.
h s /dSO=6.4/1.8=3.6 ft.

6. Ls= (10) (6.4) =64 ft.
Ls min=(3) (Wo)=(3) (8)=24 ft., use Ls=64 ft.
LB=(lS) (6.4>'=96 ft.
LB min=(4) (Wo)=(4) (8)=32 ft., use LB=96 ft.

Other basin dimensions designed in accordance with details
shown in figure ".17

Desicm Examole No.2

Given:

Find:

solution:

8 ft. by 6 ft. box culvert, Q=800 cfs, supercritical
flow in culvert, normal flow depth = brink depth,
Yo=4 ft., tailwater depth, TW =4.2 ft., downstream
channel can tolerate 7 fps for design discharge.

Riprap basin dimensions for these conditions.

Note--High tailwater depth, TW/yo=l.05>0.75

•

1.

8.

Design riprap basin (Design Example 1) use steps 1-7
d50=l.8 ft., hs =6.4 ft., Ls =64 ft., LS=96 ft.

Design riprap for downstream channel. Utilize
figure ~.Zl for estimating average velocity along
the channel. Compute equivalent circular diameter
De for brink area from:

A=~De2/4=(yO) (Wo )={4) (8)=32 ft. 2
De=[32(4)/~J 1/2
De =6.4 ft.
Vo =25 fps (Design Example 1)



Des i grr Example No.2 continued; •L/De L YJ.& ~ Rock size d50

(Compute) (Figure '".2. I )
~JI'"P"n$e '$
'::,t!io.l,ee ,.3

ft. ft./ sec ft.

10 64 0.59 14.7 3.2-
15 96 0.36 9.0 ,. '2.

20 128 0.30 7.5 0.8

21 135 0.28 7.0 <J.7

Riprap should be at least the size shown. As a practical
consideration, the channel can be lined with the same size
rock used for the basin. Protection must extend at least
135 feet downstream from the culvert brink.

Design Example No.3

Solution:

Find: Riprap basin dimensions for these conditions:

Given: 6 feet diameter crop, 0=135 cfs, 50=0.004, Mannings
n=0.024 normal depth in pipe for 0=135 cfs is 4.5 feet,
normal velocity is 5.9 fps, flow is subcritical,
tailwater depth (TW) is 2.0 feet.

•
1. Determine yo and VA

0/02.5=13S/(6) 2.5=1.53
TW/0=2.0/6=0.33

From figure ~.J8 , Yo/0=0.45

Y0= (0 • 45) (6) = 2 • 7 ft.
TW/Yo=2.0/2.70=0.74 TW/yo<0.75 O.K.
Brink Area (A) for Yo/0=0.45 is
A=(0.343) (36)=12.3 sq. ft.

(0.343 is from table III-2)
Vo=U/A=135/12.3=11.0 fps

2. Ye=(A/2) 1/2=(12.3/2) 1/2=2.48 ft.

3. Fr=Vo/[(32.2) (Ye)}1/2=1l/[(32.2) (2.48») 112=1.23

4. Try d50/Ye=0.25, dSO=(0.2S) (2.48)=0.62 ft.
From figure '-.'U), hs /Ye=0.7S, hs=(0.75) (2.48)=1.86 ft.
check: hs /dSO=1.86/0.62=3, 2<hs /dSO<4 O.K.

5. Ls=(lO) (hs)=(lO) (1.86)=18.6 ft.
or Ls=(3) (Wo)=(3) (6)=18 ft., (lse Ls=18.6 ft.

LB=(lS) (hs)=(lS) (1.86)=27.9 ft.
or LB=(4) (Wo )=(4) (6)=24 ft., Use LB=27.9 ft.

dSO=0.62 ft. use dSO=8 in.

Other basin dimensions designed in accordance with details
shown on figure "'. /7 •



•

•

•

)3'~/le' ":J,,vfC' - ?S"'!'-~.,.2 b:.;::..~,.:-; .;;".~ ._ -:-_ .:'~.'~''

~/'i: ~ B:--s ;,,) - N~u..

v1/er; J?;;/'~ [j;,u. -,. - ~~ ~~ fr~ ~e..--4t ~ '<r'Q/' r

$/~/;1j U-,..~ - ;V~u{

~k.1 i- tt:>l.Ir/4t~ ..rh'-~"'~

/ ~~ - ,4IA-Y'e ..J'"M e fr-~ J+FC. - / ~

t:~AVF /~$.;' - ~t!! A. h..,tt'~e.......rt'ci4-.,~J .,1;
~~ I.e. I"'~ a ;:;6';-

&'#I.e ?'-'t'~ - NeM

November, 1989 6.97



• 6.9 REFERENCES

•

••

Aisenbrey, AJ., R.B. Hayes and J.H. Warren and D.L. Winsett and RG. Young, Design of Small
Canal Structures, U.S. Department of the Interior, Bureau of Reclamation, 1974.

Anderson, AG., "Tentative Design Procedure for Riprap - Lined Channels - Field Evaluation",
University of Minnesota, St. Anthony Falls Hydraulic Laboratory, Project Report No. 146 prepared

for Highway Research Board National Academy of Sciences, 1973.

Anderson, AG., A.S. Paintal, and J.T. Davenport, "Tentative Design Procedure for Riprap Lined
Channels", University of Minnesota, St. Anthony Falls Hydraulic Laboratory, Project Design Report

No. 96, 1968.

Bathurst, J.C., RM. Li, and D.B. Simons, Hydraulics of Mountain Rivers, Civil Engineering

Department, Colorado State University, 1979, CER78-79JCB-RML-DBS55.

Blaisdell, F.W., .K.M. Hayward, and C.L. Anderson, Agplying Hvdraulic Research, "Model Proto
type Scour at Yocona Drop Structure", ASCE Specialty Conference.

Blaisdell, F.W., and C.L. Anderson, "Pipe Spillway Plunge Pool Design Equations", Published in
Water for Resource Development, Ed. by David L. Schreiber, 1984, ASCE Specialty Conference.

Chee, S.P., "Riverbed Degradation Due to Plunging Streams", Department of Engineering,
University of Windsor, Ontario, Canada, N9B 3P4; Published in Symposium of Erosion and
Sedimentation, Co-Edited by Ruh-Ming Li, Peter F. Lagasse, Simons, Li and Associates, Inc. 1983.

Chen, Yung Hai, "Embankment Overtopping Tests to Evaluate Damage", Simons, Li and Associates
Inc., Fort Collins, Colorado; Published in Hydraulics and Hvdrology in the Small Computer Age,
Volume 2, Edited by William R Waldrop, 1985.

Chow, Ven Te, Ph.D. Ogen-Channel Hvdraulics, McGraw-Hill Book Company, New York, N.Y.,
1959.

Corry, M.L., P.L. Thompson, and FJ. Watts J.S. Jones, and D.L. Richards, The Hvdraulic Design

of Energy Dissipators for Culverts and Channels, U.S. Department of Transportation, Federal

Highway Administration, 1975.

Donald H. Godi and Associates, Inc., Guidelines for Development and Maintenance of Natural

Vegetation, Drainage and Flood Control District, 1984.

November. 1989 6.98



Engineering Hydraulics, Proceedings of the Fourth Hydraulics Conference, Iowa Institute of

Hydraulic Research: Edited by Hunter Rouse, State University ofIowa, John Wiley and Sons, Inc.,
1949.

Hughes, c., Rock and Riprap Design Manual for Channel Erosion Protection, University of
Colorado, 19----
Handbook of Concrete Culvert Pipe Hydraulics, Portland Cement Association, Chicago, Illinois,
1964.

Hsu, En-Yun, "Discussion on Control of the Hydraulic Jump by Sills", by John W. Forster and
Raymond A. Skrindge, Transactions American Society of Civil Engineers, Vol. 115, pp. 988-991,
(1950).

Isbash, S.V., "Construction of Dams by Depositing Rock in Running Water", Transactions, Second
Congress on Large Dams, Washington D.C., 1936.

James, L.D. and R.R. Lee, Economics of Water Resources Planning, Published McGraw-Hill Inc.,
N.Y., 1971.

Lane, E.W., "Security from Under Seepage", Trans. ASCE, Vol. 100, 1935.

Lederle Consulting Engineers, West Harvard Gulch Rehabilitative Improvements, Engineering
Report on Drop Structure Alternatives, Urban Drainage and Flood Control District, 1985.

Linder, Walter M., "Stabilization of Streambeds with 'Sheet Piling and Rock Sills", Proceedings of
the Federal Inter-Agency Sedimentation Conference, U.S. Department of Agriculture, 1963.

Little, W.C., J.B. Murphey, "Model Study of Low Drop Grade Control Structures", Hydraulics
Journal, ASCE, 1982.

Maynard, T., "Practical Riprap Design", Miscellaneous Paper H-78-7, Prepared for Office of the
Chief of Engineers, U.S. Army, Corps of Engineers, 1978.

Miller, S.P., Hon-Yim Ko, and Jeffery Dunn, "Embankment Overtopping", Published in Hydraulics
and Hydrology in the Small Computer Age, Volume 2, Edited by William R. Waldrop, 1985.

•

•

•November, 1989 6.99



•

•

•

Moore, W.L., and C.W. Morgan "The Hydraulic Jump at an Abrupt Drop", Journal of the
Hydraulics Division, ASCE, December, 1957.

Morrow, D.M., and C.l. Posey, "Erosion Protection at Irrigation Check Dams and Drop Structures",
presented at the 1983 Summer Meeting American Society of Agriculture Engineers, 1983.

Muller Engineering Co., Inc., "Drop Structure Procedure", Project 8015, Urban Drainage and Flood

Control District, 1980.

Mussetter, Robert A., "Equilibrium Slopes Above Channel Control Structures", Civil Engineer,

Simons, Li and Associates, Inc., Fort Collins, Colorado; Published in Svmposium on Erosion and

Sedimentation, Co-Edited by Ruh-Ming Li; Peter F. Lagasse, Simons, Li and Associates, Inc., 1983.

Myers, T. Jr., "Rock Riprap Gradient Control Structures", Applying Hydraulic Research, ASCE
Specialty Conference.

Olivier, Henry, "Through and Overflow Rockfill Dams - New Design Techniques", Journal of the

Institute of Civil Engineering, Paper No. 7012, 1967.

Peterka, A.J., Hydraulic Design of Stilling Basins and Energy Dissipators, Eng. Monograph No. 25,
States Department of the Interior, Bureau of Reclamation, 1958.

Powledge, George R, and. RA. Dodge, "Overtopping of Small Dams - An Alternative for Dam
Safety", Bureau of Reclamation, Engineering and Research Center, Denver. Colorado; Published
in Hvdraulics and Hvdrology in the Small Computer Age, Volume 2, edited by William R. Waldrop,

1985.

Posey, Chesley J., "Flood-Erosion Protection for Highway Fills", with discussion by Mess__.
Gerald H. Matthes, Emory W. Lane, Carl F. Izzard, Joseph N. Bradley, Carl E. Kindsvater, and
Parley R Nutey, ASCE, 1955.

Reese, Anderson J., Nomographic Riprap Design, Hydraulics Laboratory, U.S. Department of the

Army, 1986.

Reese, Andrew J., "Riprap Sizing - Four Methods", Published in Water for Resource Development,
Edited by David L. Schreiber, 1984.

Reeves, Gary N., "Planned Overtopping of Embankments Using RoUer Compacted Concrete",

Freese and Nichols Inc., Fort Worth, Texas, Published in Hvdraulics and Hvdrology in the Small

November. 1989 6.100



Com[?uter Age, Volume 2, edited by William R. Waldrop, 1985.

River Mechanics, Vol. I and II, Shen, Hsieh Wen, Editor and Publisher, Colorado State University,
1971.

Sabol, George V, and RJ. Martinez, Civil Engineering Department, New Mexico State University,
Energy Dissi[?atorIGrade Control Structures for Steep Channels, Phase II, Albuquerque
Metropolitan Arroyo Flood Control Authority and City of Albuquerque, 1982.

Samad, Mohammed A., Analysis of Riprap for Channel Stabilization, Ph.D. Dissertation,
Department of Civil Engineering, Colorado State University, 1978.

Samad, Mohammad A., J.M. Pflaum, and W.C. Taggart, and RE. McLaughlin, "Modeling of the
Undular Jump for White River Bypass", Published in Water Forum '86: World Water Issues in
Evolution, Volume 1, edited by Mohammad Karamoutz, George R Baumli and William J. Brich,
1986.

Sandover, J.A. and P. Holmes, "The Hydraulic Jump in Trapezoidal Channels", Water Power, 1962.

•

Shields, F. Douglas Jr., "Environmental Features for Flood Control Channels", Water Resources •
Bulletin, Vol. 18, No.5, October, 1982.

Simons, D.B., Stevens, MA., Watts, F.J., Flood Protection at Culvert Outlets, Colorado State
University, Fort Collins, Colorado, CER 69-70, DBS-MAS-FJW4, 1970.

Simons, D.B. Sym[?osium on Erosion and Sedimentation, Ed. by Ruh-Ming Li, Peter F. Lagasse,
Simon Li and Associates Inc., 1983.

Simons, Li and Associates, City of Tuscon. Floodplain and Drainage Standard Manual. Draft
Version. June, 1988.

Simons, Li and Associates, Engineering Analvsis of Fluvial Svstems, Pub. by Book Crafters, Inc.
Chilsea Michigan, 1982.

Simons, Li and Associates, Design Guidelines and Criteria for Channels and Hvdraulic Structures
on Sandy Soils, prepared for the Urban Drainage and Flood Control District, Denver, Colorado,
and the City of Aurora, Colorado, 1981.

•November. 1989 6.101



•

•

•

Simons, Li and Associates, Surface Mining Water Diversion Design Manual, prepared for the U.S.
Department of the Interior, Office of Surface Mining, 1982.

Smith, C.D., and D.G. Murray, "Cobble Lined Drop Structures", presented at 2nd Canadian
Hydrotechnical Conference, Burlington Ontario, Canadian Journal of Civil Engineering, Vol 2, No.
4, 1965.

Smith, C.D., and Strang, D.K., Scour in Stone Beds, Proceedings of 12th Congress of the
International Association for Hydraulic Research, September, 1967.

Solving Drainage Problems, Bethlehem Steel Corporation, Bethlehem, Pennsylvania, 1959.

Stevens, Michael A., "Anderson's Method of Design", Notes, August 1982.

Stevens, Michael A., "Hydraulic Design Criteria for Riprapped Chutes and Vertical Drop
Structures" prepared for Urban Drainage and Flood Control District, 1981.

Stevens, Michael A., Monitor Report Bear Canyon Creek, prepared for Urban Drainage and Flood
Control District, May 1983.

Stevens, Michael A., D.B. Simons, and G.L. Lewis, "Safety Factors for Riprap Protection", Journal
of Hydraulics Division, ASCE, Paper No. 12115, HY5 pp. 637-655, May, 1976.

Taggart, William c., et aI, "Modifications of Dams for Recreational Boating", Proceedings American
Society of Civil Engineers, Hydraulics Division, Published in Water for Resource Development,
pp. 781-785, August, 1984.

Taggart, William C., CA. Yermoli, Sergio Montes, A.T. Ippen, Effects of Sediment Size and
Gradation on Concentration Profiles for Turbulent Flow, Department of Civil Engineering,
Massachusetts Institute of Technology, Report No. 152, August, 1972.

U.S. Department of Agriculture, Soil Conservation Service, Chute Spillwavs, Section 14, SCS
Engineering Handbook, 1976.

U.S. Department of Agriculture, Soil Conservation Service, Drop Spillwavs, Section 11, SCS
Engineering Handbook, 1952.

U.S. Department of Agriculture, Soil Conservation Service, Design of Oren Channels, Technical
Release No. 25, 1977.

November, 1989 6.102



U.S. Department of Agriculture, Soil Conservation Service, Hydraulic Design of Riprap Gradient
Control Structures, Technical Release No. 59, 1976.

Urban Drainage and Flood Control District, "Design Criteria for Riprap Drop Structures", 1982.

Urbonas, Barnabas R., Forces on a Bed Particle in a Dumped Rock Stilling Basin, Thesis, 1968.

Wang, Sany-yi, Hsieh Wen Shen, "Incipient Sediment Motion and Riprap Design", Journal of
Hydraulic Engineering, ASCE, March, 1985.

Wright-McLaughlin Engineers, Urban Storm Drainage Criteria Manual, Vol. 2, Denver Regional
Council of Governments, 1969.

U.S. Department of Commerce, Bureau of Public Roads, Hydraulic of Bridge Waterways, Hydraulic
Design ,Series No.1, Washington, D.C., August 1960.

U.S. Department of Agriculture, Soil Conservation Service, "The SAF Stilling Design" by F.W.
Blaisdell, Research TP-79, Washington, D.C., May 1949.

U.S. Department of Agriculture, Soil Conservation Service, "Bridge Piers as Channel Obstruction"
by David L. Yarnell, Technical Bulletin No. 442, Washington, D.C., November 1934.

U.S. Department of the Army, Corps of Engineers, Drainage and Erosion Control Mobilization
Construction, 1984.

U.S. Department of the Army, Corps of Engineers, Sheet 712-1, Hvdraulic Design Criteria, 1970.

U.S. Department of the Army, Corps of Engineers, Hydraulic Design of Flood Control Channels,
1970.

U.S. Department of the Army, Corps of Engineers, Hvdraulic Design of Reservoir Outlet Works,
1980.

U.S. Department of the Army, Corps of Engineers, "Stability of Riprap and Discharge
Characteristics, Overflow Embankments, Arkansas River, Arkansas", Technical Report No. 2-650,
U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi, 1964.

U.S. Department of the Interior, Bureau of Reclamation, Design of Small Dams, 1974.

•

•

•
November, 1989 6.103



•

•

•



• CHAPTER 7

BRIDGES

TABLE OF CONTENTS

Page No.

•

7.1

7.1.1

7.2.

7.2.1

7.2.2

7.3

INTRODUCTION

DEFINITIONS .

DESIGN APPROACH .

HYDRAULIC ANALySIS .

A. Effect of Backwater .

B. Effect of M and Abutment Shape (Base Curves) .

C. Effect of Piers (Normal Crossings) .

D. Design Procedure .

OTHER HYDRAULIC DESIGN CONSIDERATIONS .

A. Scour

B. Freeboard .

C. Supercritical Flow .

D. Large Culvert Structures .

REFERENCES .

LIST OF FIGURES

7.1

7.1

7.4

7.4
7.4
7.8
7.8

7.12

7.13

7.13

7.16

7.16

7.16

7.18

Fi~re No. ~D:.:::e~sc~r~ip~t~io~n,-- _ Page No.

7.1

7.2

7.3

7.4

November. 1989

Normal Bridge Crossing Designation

Base Curves for Wingwall Abutments .

Base Curves for Spillthrough Abutments . . . . . . . . . . . . . . . . . . . . . . . .

Incremental Backwater Coefficients for Piers .

7.5

7.9

7.9

7.11



7.1

November. 1989

LIST OF TABLES

Description

Channel Movement/Scour

Check List of Potential Problems

and Factors to be Examined

page No.

7.17

•

•



•

•

CHAPTER 7

BRIDGES

7.1 INTRODUCTION

This chapter is intended to present an overview of the hydraulic analyses for bridge crossings
over open channels. A general discussion of scour is also presented. Comprehensive
guidelines and criteria for hydraulic analyses of bridge crossings are beyond the scope of this
Manual. The reader should refer to the appropriate texts and technical handbooks for
further information on this subject.

Roadways must often cross open channels in urban areas, therefore, sizing the bridge
openings is of paramount importance. In general, bridges should be designed to have as
little effect as possible upon the flow passing beneath them. Ifpossible, bridges over natural
or man-made channels should be designed so that there is no disturbance to the flow
whatsoever. Impacts upon channels and floodplains created by bridges usually take the form
of increased flow velocities through and downstream of the bridges, increased scour and
upstream ponding due to backwater effects. These impacts can cause flood damage to the
channel, to adjacent property and to the bridge structure itself.

•

7.1.1 Definitions

Aggradation (bed) - A progressive buildup or raising of the channel bed due to sediment
deposition. Permanent or continuous aggradation is an indicator that a change in the
stream's discharge and sediment load characteristics is taking place.

Armoring - (a) Natural process whereby an erosion-resistant layer of relatively large
particles is formed on a streambank due to the removal of finer particles by streamflow.
(b) Placement of a covering on a streambank to prevent erosion.

Bed Material- Material found on the bed of a stream (may be transported as bed load or
in suspension).

Braided Stream - A stream whose flow is divided at normal stage by small mid-channel bars
or small islands; the individual width of bars and islands is less than about three times the
water width; a braided stream has the aspect of a single large channel within which are
subordinate channels.
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Bridge Low-chord - The elevation of the lowest portion of the bridge deck structure used
in determining the area of the bridge opening available for flow conveyance.

Clear-water Scour - Scour which occurs when there is no movement of the bed material of
the stream upstream of the crossing, but occurs as a result of acceleration of the flow and
vortices created by piers or abutments causing material .at their base to move.

Contraction Scour - General scour resulting from the acceleration of flow due to a natural
channel constriction or bridge contraction.

Degradation (bed) - A progressive lowering of the channel bed due to scour. Permanent
or continuing degradation is an indicator that a change in the stream's discharge and
sediment load characteristics is taking place.

EQuilibrium- The state of balance of natural channels between hydraulic forces or actions..
Equilibrium occurs when the streambed has achieved a graded condition when the slope and
energy of the stream are just sufficient to transport material delivered to it. Natural
channels which have small changes resulting from periods of low and high flows are
considered in equilibrium.

Freeboard - A vertical distance above a design stage that is allowed for waves, surfaces,
drift, and other contingencies.

General Scour - Scour in a channel or on a floodplain that is not localized at a pier,
abutment, or other obstruction to flow. In a channel, general scour usually affects all or
most of the channel width.

Guide Bank - A dike extending upstream from the approach embankment at either or both
sides of the bridge opening to direct the flow through the opening. Some guide banks
extend downstream from the bridge.

Lateral Stream Migration - Change in position of a channel by lateral erosion of one bank
and simultaneous accretion of the opposite bank. Movement in which the material has a
dominately lateral component.

Live-bed Scour - Scour which occurs when the bed material upstream of the crossing is also
moving.

•

•
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Local Scour - Scour in a channel or on a floodplain that is localized at a pier, abutment, or
other obstruction to flow.

Meandering Channel - A channel exhibiting a characteristic process of bank erosion and
point bar deposition asspciated with systematically shifting meanders.

Scour - Erosion due to flowing water; usually considered as being localized as opposed to
general bed degradation.

Sediment Discharge - The quantity of sediment that is carried past any cross-section of a
stream in a unit of time. Discharge may be limited to certain sizes of sediment or to a
specific part of the cross-section.

Transport Rate - Rate at which sediment particles are carried when hydraulic conditions
exceed the critical condition for motion.

Vortex - Local current accelerations which cause a whirling or circular motion that tends
to form a cavity or vacuum at its center, thus moving sediment toward the cavity.

Watershed - An area confIrmed by drainage divides, often having only one outlet for
discharge.
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7.2 DESIGN APPROACH

The method of planning for bridge openings must include water surface profile analyses
of the channel for the major storm runoff and other design frequencies as may be
appropriate. Once the water surface profiles have been calculated, the maximum reasonable
effect on the channel flow by the bridge should be determined.

•
7.2.1 Hydraulic Analysis

The hydraulic analyses of pre- and post-bridge conditions can be performed using a
computerized step-backwater model. The HEC-2 program developed by the U.S. Army
Corps of Engineers (USACOE, Water Surface Profiles, Users Manual, 1982) is the most
common backwater computation software, and is utilized nationwide. Cross sections for the
model must be taken 1) at a sufficient distance downstream of the bridge so that the bridge
has no effect upon flow characteristics; 2) immediately downstream of the bridge opening;
3) immediately upstream of the bridge opening; and 4) a sufficient distance upstream .of
the bridge opening to evaluate the structure's effect upon flow characteristics.

Care must be taken to choose coefficients for calculation of losses for expansion, contraction
and intermediate piers that are appropriate for the bridge structure under consideration.
The HEC-2 bridge routines require meticulous input preparation for proper computer
analysis. Care should be taken to review input data and to examine results thoroughly for
reasonableness.

Another methodology for hydraulic analysis of bridge crossings is that described in
Hvdraulics of Bridge Waterwavs, by the Federal Highway Administration Hydraulic Design
(Series No.1, 1978) and paraphrased below. Figure 7.1 illustrates a bridge crossing normal
to a stream with wingwall abutments and embankment approaches that encroach into the
floodplain. Refer to FHA, Hydraulics..., 1978, cited above, for detailed information.

A. Effect of Backwater

A practical expression for backwater has been formulated by applying the principle
of conservation of energy between the point of maximum backwater upstream from
the bridge, Section 1; and, a point downstream from the bridge at which normal
stage has been reestablished, Section 4, as shown in Figure 7.1. The equation is
reasonably valid if the channel in the vicinity of the bridge is reasonably uniform,
the gradient of the bottom is approximately constant between Sections 1 and 4, there
is no appreciable erosion of the bed in the constriction due to scour, and the flow
is subcritical.

•
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The equation for computation of backwater upstream from a bridge constricting
the flow is as follows: •

(7.1)

where:
h* = Total backwater (ft),1

K* = Total backwater coefficient,
a l = Kinetic energy coefficient = T.(qv-)/QV/,
a2 = Kinetic energy coefficient to correct for non-uniform velocity

distribution under the bridge = T.(qv-)/ QV2
02,

V = Average velocity in a subsection (fps),
q = Discharge in the same subsection (cfs),
Vl = Average velocity in river at Section 1 = Q/Al (fps),
Q = Total discharge in river (cfs),
Vn2 = Average velocity in constriction = Q/An2 (fps),
An2 = Gross water area in constriction measured below normal stage

(ff),
A4 = Water area at Section 4, where normal stage is reestablished

(ff), •A1 = Total water area at Section 1, including that produced by the
backwater (ff), and

g = Acceleration due to gravity (ft/se2).

To compute backwater by Equation 7.1 it is necessary to obtain the approximate
value of hl * by using the first part of the equation:

(7.2)

November, 1989

where:
h ° =1

K
O

=
a 2 =

V02 =
g =

Total backwater (ft),

Total backwater coefficient,
Kinetic energy coefficient to correct for non-uniform velocity
distribution under the bridge = I:(qv-)jQV2

02 ,

Average velocity in constriction = Q/~ (fps), and
Acceleration due to gravity (ft/se2).
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• The value of A1 in the second part of Equation 7.1, which depends on h1*, can then
be determined. This paft of the equation represents the difference in kinetic energy
between'Sections 4 and 1, expressed in terms of the velocity head V2rt2/2g. Equation
7.1 may appear cumbersome, but it was set up as shown to permit omission of the
second part when the difference in kinetic energy between Sections 4 and 1 is small
enough to be insignificant in the [mal result.

(7.3)

To permit the designer to readily recognize cases in which the kinetic energy term
may be ignored, the following guides are provided:•

where:
a 1 =
Auz =

A4 =

A1 =

Vn2 =
g =

Kinetic energy coefficient = ~(qv2)/Qv\ ,
Gross water area in constriction measured below normal stage
(f~),

Water area at Section 4, where normal stage is ree~tablished

(f~),

Total wflter area at Section 1, including that produced by the
backwater (f~),

Average velocity in constriction = Q/Auz (fps), and
Acceleration due to gravity (ft/se~).

M> 0.7,
Vrt2 < 7 fps, and
K* V2n2/2g < 0.5 foot.

If values in the problem at hand meet all three conditions, the backwater obtained
from Equation 7.2 can be considered sufficiently accurate. Should one or more of
the values not meet the conditions set forth, it is advisable to use Equation 7.1 in
its entirety. The use of the guides is further demonstrated in the examples given in
Reference 3 which should be used in all bridge design work.

The value of the overall backwater coefficient K*, which has been determined
experimentally, varies with:

1. Stream constriction as measured by bridge opening ratio M;

• November. 1989

2. Type of bridge abutment - wingwall, spill through, etc.;
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3. Number, size, shape, and orientation of piers in the constriction; •
4. Eccentricity, or asymmetric position of bridge within the floodplains; and

5. Skew (bridge crosses floodplain at other than 90 degree angle).

The overall backwater coefficient K* consists of a base curve coefficient ~, to which
is added incremental coefficients to account for the effect of piers, eccentricity, and
skew. The value of K* is primarily dependent on the degree of constriction of the
flow but also changes to a limited degree with the other factors.

B. Effect of M and Abutment Shape (Base Curves)

Figure 7.2 shows· the base curve for backwater coefficient, ~, plotted with respect
to the opening ratio, M, for several wingwall abutments and a vertical wall type.
Note how the coefficient.~ increases with channel constriction. The several curves
represent different angles of wingwall as can be identified by the accompanying
sketches; the lower curves, represent the better hydraulic shapes.

Figure 7.3 shows.the relation between the backwater coefficient~ and M, for spill
through abutments, for three embankment slopes. A comparison of the three curves
indicates that the coefficient is little affected by embankment slope. Figure 7.2 and
Figure 7.3 will be designated "base curves" and ~ will be referred to as the "base
curve coefficient". The base curve coefficients apply to normal crossings for specific
abutment shapes, but do not include the effect of piers, eccentricity, or skew.

C. Effect of Piers (Normal Crossings)

The effect produced on the backwater by introduction of piers in a bridge
constriction has been treated as an incremental backwater coefficient designated
6.~. This coefficient, ~, is added to the base curve coefficient when piers are a
factor. The value of the incremental backwater coefficient 6.~ is dependent on
the ratio that the area of the piers bears to the gross area of the bridge opening, the
type of piers (or piling in the case of pile bents), the value of the bridge opening
ratio M, and the angularity of the piers with the direction of flood flow. The ratio
of the water area occupied by piers, ~, to the gross water area of the constriction,
An2, both based on the normal water surface, has been assigned the letter 1. In
computing the gross water area, An2, the presence of piers in the constriction is

•

•
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ignored. The incremental backwater coefficient for the more common types of pliers •
and pile bents can be obtained from Figure 7.4. The procedure is to enter Chart
A, Figure 7.4 with the proper value of J and read6K and obtain the correction
factor/from Chart B, Figure 7.4, for opening ratios other than unity. The
incremental backwater coefficient is then:

The incremental backwater coefficients for piers can, for all practical.purposes" be
considered independent of diameter, width, or spacing, but should be increased if
there are more than 5 piles in a bent. A bent with 10 piles should be given a value
of6~ about 20 percent higher than those shown from bents with 5 piles. If there
is a good possibility of debris collecting on the piers, it may be advisable to use a
value greater than the pier width to account for debris blockage. However, modeling
of debris blockage should be reviewed with the jurisdictional agency. For a normal
crossing with piers, the total backwater coefficient becomes:

where:

where:.

=
=
=

=
=

Incremental backwater coefficient for piers,
Incremental backwater coefficient, and
Correction factor, for M< 1.0.

J = ~/~

Water area occupied by piers (ff), and
Gross water area on the constriction (ff).

(7.4)

(7.5)

•

K* = ~ (Figure 7.2 or 7.3) +6~ (Figure 7.4) (7.6)
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where:
K* =

=

=

Total backwater coefficient,
Base curve coefficient, and
Incremental backwater coefficient for piers.
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D. Design Procedure

The following is a brief step-by-step outline for determination ofbackwater produced
by a bridge constriction. Detailed procedures illustrated by examples are presented
in Hydraulics of Bridge Waterways (FHA, 1978).

1. Determine the magnitude and frequency of the discharge for which the
bridge is to be designed.

2. Determine the stage of the stream at the bridge site for the design discharge.

3. Plot representative cross section of stream for design discharge at Section
1, if not already done under Step 2. If stream channel is essentially straight
and cross section substantially uniform in the vicinity of the bridge, the
natural cross section of the bridge site may be used, for this purpose.

•

4. Subdivide: above cross section according to marked changes in depth of flow
and roughness. Assign values of Manning roughness coefficient, n, to each
subsection. Careful judgement is necessary in selecting these values. •

November. 1989

5. Compute conveyance and discharge in each subsection.

6. Determine value of kinetic energy coefficients.

7. Plot natural cross section under proposed bridge based on normal water
surface for design discharge, and computed gross water area (including area
occupied by piers).

8. Compute bridge opening ratio, M, observing modified procedure for skewed
bridge crossings.

9. Obtain value of~ from appropriate base curve.

10. If piers are involved, compute value of J and obtain incremental coefficient

6.~.

7.12
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• 11. Ifeccentricity is severe, compute value of eccentricity and obtain incremental
coefficient,~~.

12. If a skewed crossing is involved, observe proper procedure in previous steps,
then obtain incremental coefficient, .6.1<'5' for proper abutment type.

13. Determine total backwater coefficient K* by adding incremental coefficients
to base curve coefficient ~.

14. Compute backwater by Equation 7.1.

15. Determine distance upstream to where the backwater effect is negligible.

7.2.2 Other Hydraulic Design Considerations

•

•

A.

November, 1989

Scour
Total scour at a bridge crossing consists of three components which are generally
cumulative, and a fourth, lateral stream migration, which can move the general bed
grade horizontally to a new location. The first three components are:

• Long Term Aggradation or Degradation
This is variation in river bed elevation, usually occurring over long periods
of time due to changes in controls, such as dams and in-stream mining. Such
variation can result in modification of sediment discharge and river
geomorphology, such as a departure from a meandering to a braided stream.
The changes may be natural or man-induced, but are far more often
documented as the latter (FHA. Countermeasures..., 1978).

Long term bed elevation changes (aggradation or degradation) may be the
natural trend of the stream or may be the result of some modification to the
stream or watershed condition. Factors that affect long term bed elevation
changes are: dams and reservoirs (upstream or downstream of the bridge),
changes in watershed land use (urbanized, deforestation, etc.), channelization,
cutoff of a meander bend (natural or man-made), changes in the downstream
base level (control) of the bridge reach, gravel mining from the stream bed,
diversion of water into or out of the stream, natural lowering of the total
system, movement of a bend or bridge location in reference to stream
platform, and stream movement in relation to the bridge crossing.
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• General Scour
This type of scour involves the removal of material from the bed and banks across
all or most of the width of a channel. The scour is caused by increased velocities
and shear stresses caused by the local area geometry and water surface controls.

General scour results from the acceleration of the flow due to either a natural or
bridge contraction or both (contraction scour). General scour may also result from
the location of the bridge on the stream, such as, its location with respect to a stream
bend or its location upstream from the confluence with another stream. In the latter
case, the elevation of the downstream water surface will affect the backwater on the
bridge, hence, the velocity and scour. General scour may occur during the passage
of a flood and the river may fill in as the flood recedes, thus it may not be directly
evident; whereas, degradation always results in an evident change that is largely
irreversible (unless the bed elevation is corrected).

General scour from a contraction, the most common case,.occurs.when the normal
flow area of a stream is decreased either by a natural constriction or by a bridge.
The contraction of the flow by the bridge can be caused by a decrease in flow area
of the stream channel by the abutments projecting into the channel and/or the piers
taking up a large portion of the flow area. Also, the contraction can be caused by
approaches to the bridge which cut off the overland flow that normally goes across
the floodplain during high flow. This latter case also can cause clear-water scour
(defined further under Local Scour) at the bridge section because overland flow
normally does not transport any significant bed material sediments. This clear
water picks up a.dditional sediment from the bed when it returns to the bridge
crossing. In addition, if floodwater returns to the stream channel at an abutment
it increases the local scour there. A guide bank at an abutment decreases the risk
from scour of that abutment from returning overbank flow. Also, relief bridges in
the approaches reduce general scour by decreasing the amount of flow returning to
the natural channel, which then decreases the scour problem.

•

•

• Local Scour
This is the scour that occurs at a pier or abutment as the result of the pier or
abutment obstructing the flow. This type of scour only occurs on a small portion of
the channel width, where the obstructions to the flow cause local current
accelerations crea.ting vortices that remove the material around them.

If the transport rate of sediment away from the local region is greater than the
transport rate into the region, a scour hole develops. As the depth of scour is •
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• increased, the strength of the vortex or vortices is reduced, the transport rate is
reduced and equilibrium is reestablished and scouring ceases.

Generally, local scour depths are much larger than the other two. But, if there are
major changes in stream conditions, such as a large dam built upstream or
downstream of the bridge or severe straightening of the stream, long term bed
elevation changes can be the larger element in the total scour.

Types of local scour are:

• Clear-water scour
Clear-water scour occurs when there is no movement of the bed material of
the stream upstream of the crossing but the acceleration of the flow and
vortices created by the piers or abutments causes the material at their base
to move.

• Live-bed scour
Live-bed scour occurs when the bed material upstream of the crossing is also
moving.

• • Armoring
Armoring occurs on a stream or in a scour hole when the forces of the water
during a particular flood are unable to move the larger sizes of the bed
material. This protects the underlying material from movement. Scour
around an abutment or pier may initially occur but as the scour hole deepens
the coarsest bed material may move down in the hole and protect the bed
so that the full scour potential is not reached.

•
November, 1989

• Lateral Migration

In addition to the above, lateral shifting of the stream may also erode the
approach roadway to a bridge and change the angle of the flow in the
waterway at the bridge crossing, causing a change in the total scour.

Table 7.1 presents a check list of potential problems relating to channel
movement/scour and the causative factors which should be examined (See also
Tables 5.6, 5.7, and 5.8 for Design Check Lists).
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B. Freeboard

Freeboard at a bridge is the vertical distance between the design water surface
elevation and the low-chord of the bridge. The bridge low-chord is the lowest
portion of the bridge deck structure. The purpose of freeboard is to provide room
for the passage of floating debris, to provide extra area for conveyance in the event
that debris build..up on the piers reduces hydraulic capacity of the bridge, and to
provide a factor of safety against the occurrence of waves or floods larger than the
design flood.

The minimum freeboard, in feet, for new bridges across watercourses located within
Maricopa County is the velocity head (V2/2g) plus two feet, where V represents the
average velocity of flow in the channel approaching the bridge.

•

C. Supercritical Flow

For the special condition of supercritical flow within a lined channel, a bridge
structure should not affect the flow at all. That is, there should be no projections,
piers, etc. in the channel area. The bridge opening should clear and permit the flow
to pass unimpeded and unchanged in cross section.

D. Large Culvert Structures

When large culverts are uses in lieu of bridges, the design approach often differs.
For hydraulic analysis of culverts, refer to Chapter 4.

•
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TABLE 7.1
CHANNEL MOVEMENT/SCOUR

Check List of Potential Problems and Factors to be Examined
(See also Tables 5.6, 5.7, 5.8, Design Check Lists)

LONG TERM DEGRADATION OR AGGRADATION
• Reservoirs
• Mining
• Urbanization
• Watershed changes

GENERAL SCOUR
• Downstream variable water surface relationship
• Contraction and expansion
• Bed configuration and movement
• Live-bed scour
• Clear-water scour
• Bends

Natural stream constriction
Long approaches to the bridge over the floodplain
Ice formations or jams
Berms from sediment deposits
Island or bar formations
Debris
Growth of vegetation in floodplain or channel
Bed and sediment characteristics

LOCAL SCOUR
• Width of pier
• Projected length of abutment into flow
• Length of pier
• Velocity of approach flow
• Size of bed material
• Angle of approach flow to the pier or abutment
• Shape of pier or abutment
• Bed configuration
• Ice formation or jams
• Debris
• Clear-water scour
• Live-bed scour
• Armoring
• Lateral migration
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8.1

8.1.1

CHAPTER 8

DETENTION/RETENTION

GENERAL

As part of a total system of urban stormwater management, detention and retention facilities
are man-made storage measures intended to mitigate the negative impacts ofurbanization on

storm drainage, which include:

• Increased peak flow rates,
• Loss of natural depression storage,

Reduction of infIltration capacity in a drainage basin,

• Reduction ofnaturalvegetation, which, in anaturalstate, reducesstormrunoffthrough
the process of interception, and
Increased pollutant load in surface· runoff.

This chapter presents the engineering methodologies and details associated with the planning,
analysis and design ofdetention and retention facilities within Maricopa County, Arizona. The
guidelines herein are intended to achieve the following goals: 1) design ofdetention/retention
facilities that satisfy the ordinance provisions of Maricopa County and/or the individual
jurisdictional agencies within the Countywith regard to hydraulic function and maintainability;
2) detention/retention facilities that are amenities, and, where possible, incorporate multiple

use concepts; and 3) facilities that will not jeopardize the quality of surface water or

groundwater resources.

Defmitions

Basin Floor - The bottom of a stormwater retention facility which has been specifically
designed for the purpose of disposing stored runoff following a storm event by the process of

infiltration into the subsurface.

Capacity - For a detention or retention facility, the capacity is the maximum storage, in acre

feet, which can be impounded when there is no discharge of water.

Draina~e Basin - A geographical area which contributes surface runoff to a particular point
of interest. The terms "drainage basin", "tributary area" and "watershed" are used
interchangeably.
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Dry Well- An engineered subsurface chamber designed to accept surface runoff and allow it •
to drain into the subsurface strata.

Embankment - A man-made earth fill structure constructed for the purpose of impounding
water.

Emergency Spillway - An outflow spillway from a stormwater detention/retention facility that
provides for the safe overflow of floodwaters for storm events in excess of the design capacity
of the Primary Outlet Structure, or in the event of malfunction or debris blockage of the
Primary Outlet Structure.

Flood Hydrography -The functional relationship between time and flow discharge, as observed
at a particular point within a drainage basin.

Flood Peak - The largest value of the runoff flow which occurs during a flood event, as
observed at a particular point in the drainage. basin.

Flood Routing - The mathematical simulation of a flood wave as it moves downstream along
a watercourse or through a detention/retention facility.

Height - The vertical distance from the lowest elevation of a detention or retention facility
embankment, of the outside limit of the embankment at its intersection with the natural
ground surface to the spillway crest elevation.

Hydrography - The functional relationship between time and flow discharge, as observed at
a particular point within. a drainage basin. In the case of a detention/retention facility, an
Inflow Hydrography depicts the relationship of time and runoff inflow to the facility, and an
Outflow Hydrography is a graph of flow discharge from the facility versus time.

Infiltration - The movement of water into and through the soil.

Interception - The process by which rainfall is caught by foliage, branches, leaves and other
above-ground objects.

Jurisdiction or Jurisdictional Agencv - Maricopa County, the Flood Control District of
Maricopa County and the incorporated municipalities within Maricopa County.

•

•
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Master Planning - A "systems" approach to the planning of facilities, programs and
management organizations for comprehensive control and use of stormwater with a defined
geographical area or drainage basin.

Multi-Purpose Facility - A detention or retention facility that provides benefits in addition to
the primary function of flood control. Such benefits may include recreation, parking, visual
buffers or water harvesting.

Off-Stream Detention/Retention Facilitv - A facility that is located near or adjacent to a
watercourse (Le., the stream does not flow directly into the facility). Inflow to the facility is
typically accomplished by means of side weirs. It is also referred to as an Off-line
Detention/Retention facility.

On-Site Detention/Retention - The temporary storage of excess storm runoff in the upper
area of a drainage basin. This type of facility is typically "on lot" or within a subdivision,
primarily by an individual development and generally irrespective of watershed features.

On-Stream Detention /Retention Facilitv - A facility that is located within the path ofa stream
or watercourse, and thereby intercepts the entire flow from the upstream drainage basin. It
is also referred to as an On-line Detention/Retention facility.

Orifice - A hole in the outlet structure ofa stormwater storage facility sized to drain the facility
at a specific rate of flow.

Outlet Structure -The structure through which stormwater flows out ofa detention/retention
facility. Outlet structures may consist of culverts, weirs~ orifices (gated or un-gated), drywells,
or any combination thereof.

Primary Outlet Structure - Also known as the Primary Spillway or Principal Spillway, it is the
main outlet structure bywhich stormwater is discharged from the detention/retention facility.

Probable Maximum Flood (PMF) - The flood runoff that may be expected from the most
severe combination of critical meteorologic and hydrologic conditions that are reasonably
possible in the region.

1/2 PMF - That flood hydrography with ordinates equal to one-half the corresponding
ordinates of the Probable Maximum Flood Hydrography.

Probable Maximum Precipitation (PMP) - The precipitation that generates the PMF.
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Re~onal Detention/Retention - The temporary storage of excess runoff by means of large

storage facilities located at strategic sites within a drainage basin. Sites are generally planned
to provide controlofexcess runofffrom an entire drainage basinwith an optimum (presumably
a minimum) number of storage facilities to achieve the most cost-effective drainage system.
Regionaldetention/retentionsites are normallymaintainedbya public orquasi-public agency.

Residual Freeboard - For an embankment dam, the vertical distance between the maximum
water surface elevation and the minimum dam crest elevation.

Sediment Trap - An area within a stormwater detention/retention facility which is designed
to trap the majority of incoming sediments for the purpose of facilitating maintenance.

Stage - The depth of water within a stormwater storage facility, as measured above an
established datum.

StormwaterDetention Facility -Astormwater storage facilitywhich temporarily stores surface
runoff and releases it at a controlled rate through a positive outlet.

Stormwater Retention Facility - A stormwater storage facility which stores surface runoff.
Stored water is infiltrated into the subsurface or released to the downstream drainage system
or watercourse (via a gravity outlet or pump) after the storm event.

Subsurface Disposal - Drainage of stormwater runoff into the subsurface by the process of
infiltration. This is typically accomplished through the use of dry wells, engineered basin
floors, etc.

Total Freeboard - For an embankment dam, the vertical distance between the emergency
spillway crest and the minimum crest elevation of the dam.

Trash Rack - A metal bar or grate structure located at the outlet structure of a stormwater
detention/retention facility and designed to prevent blockage of the outlet structure by water
borne debris.

Weir - A notch of regular form through which water flows. A weir may be a depression or
notch in the side of an outlet structure or a depression of specific shape in the embankment
of a stormwater storage facility. Classified in accordance with the shape of the notch, there
are rectangular weirs, V-notch weirs, trapezoidal weirs and parabolic weirs.

•

•
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• 8.1.2 Interaction with Other Components of a Drainage System

Detention and retention facilities are components of an overall stormwater management
system that is also comprised of natural and man-made channels, storm sewers, inlets, streets
and other drainage structures. Their purpose is to provide temporary storage of the excess
runoff from development areas and to control the increased peak rates of runoff. Proper
planning and design ofdetention/retention facilities must consider the interaction ofstorage
with the other components of the drainage system.

The greater the number of storage facilities in a system, the more complex is the analysis of
the interaction of the various outflows. Often the increased costs of construction and
maintenance of a large number of smaller storage facilities offset any savings in reduced sizes
of storm sewers downstream. Planning efforts should be oriented toward minimizing the
number of storage facilities in a drainage basin.

•

•

As part of the planning and design process, the engineer must verify that releases from the
detention/retention facility will not adversely impact downstream conditions in terms ofboth
manner and quantity of flow. Conditions such as peak flow, velocity, flow concentration,
prolongation of flow and quality of discharge are factors to be considered.

8.1.3 Limitations on Use of Detention/Retention Facilities .

The requirement for a development to provide storage of excess runoff by detention or
retention facilities shall not bewaived unless determined otherwiseby thejurisdictionalagency
on a case by case basis (Note: this is a departure from the waiver policy stated in the Maricopa
County Uniform Drainage Policies and Standards, dated February 25, 1987).

In general, storage facilities are to be located so they can intercept the flow from the entire
development area. If portions of the area cannot drain to a single storage facility, then
additional facilities may be added to provide control of those areas as approved by the
appropriate jurisdictional agency. The objective is to provide storage of excess runoff with a
minimum number of detention/retention facilities located at optimum points within a
development area. Whenever possible, the facilities shall be designed for multiple use such
as parks· or other recreational facilities to offset the cost of open space and to encourage
improved maintenance.

Residential developments shall have no single lot storage unless approved by the jurisdictional
agency. The design of common facilities shall not assume any individual lot on-site storage,
unless approved by the jurisdictional agency. Developments with Homeowner's Associations
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shall locate their facilities in private drainage tracts or public sites dedicated by the developer, •
in accordancewith requirements determined bythejurisdictionalagency. The private facilities
shall be maintained by the Homeowner's Association. Public tracts shall be maintained by the
jurisdictional agency. Common storage facilities from single family developments without a
Homeowner's Association and with public streets shall have maintenance provisions
determined by the jurisdictional agency. The number and location of storage facilities within
a development is to be approved by the jurisdictional agency. Dedication to the public may
require the inclusion of recreational facilities or other features deemed necessary by the
jurisdictional agency.

Single lot, non-residential developments that are not served by a public storage facility shall
provide the required storage on the lot itself without depressing the right-of-way area.

The use of rooftops as storage areas for runoff is not permitted.

A. Regional Detention/Retention Facilities

Regional detention/retention facilities are large storage facilities located at strategic sites
within a drainage basin to provide control of excess runoff with an optimum (and minimum)
number of storage facilities to achieve the most cost-effective drainage system. Advantages •
of this type of facility include the following:

• The siting and design of regional storage facilities are normally incorporated as part
of an overall drainage master plan. Thus, alternative siting combinations and their
respective hydraulic routing effects can be investigated. Storage alternatives can be
evaluated with other factors, such as, conveyance system, land and maintenance costs
to arrive at an optimal solution for the drainage basin.

• Operation and maintenance costs are reduced. Maintenance of regional facilities is
typically the responsibility of the jurisdictional agency. The reduced cost of operation
and maintenance often can offset the increased cost of tributary storm sewers which
must be sized to carry higher peak rates of flow.

• Regional facilities are more effective and reliable because they are planned, designed
and maintained as part of a total drainage system. On-site facilities can be less reliable
and less effective because they are constructed randomly as a basin develops and
because maintenance efforts can vary. The result of on-site facilities is ·a higher
percentage of malfunction.

•
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Advance planning is the key element in the regional approach to stormwater
detention/retention. The jurisdictional agencies within Maricopa County have agreed that
basin-widemasterdrainageplanningis necessaryfor the development ofcost-effectivesystems
for stormwater management. Planning for regional detention/retention facilities for a
drainage basin typically includes; (1) development of an optimum drainage master plan for
the basin; the jurisdictional agencies have agreed that master drainage planning efforts will
continue, in order to achieve efficient, cost-effective drainage systems and to ensure that
multiple use opportunities are preserved; (2) multi-jurisdictional cooperation, as natural
drainage basins do not follow jurisdictionalboundaries; (3) participation by property owners,
developers, engineers and the general public; (4) a plan for implementation that incorporates
phasing of construction of facilities; and (5) establishment of a framework for fair and
equitable financing of capital and maintenance costs.
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•8.2 DESIGN CRITERIA

This section presents certain guidelines, procedures and criteria to be used in the analysis and
design of detention and retention facilities. Where specific policies and criteria vary, the

engineer should contact the specific jurisdiction in which he/she is preparing a design.

8.2.1 Criteria for Retention Facilities

The following general cr~teria apply to the design of storrnwater retention facilities:

A. Design Freguenc;y

Retention facilities shall be designed to retain the peak flow and volume of runofffrom rainfall

events up to and including the lOO-year, 2-hour duration storm falling within the boundaries
of the proposed- development;-

B. Hydrology

Procedures and criteria for development of inflow hydrography for retention facilities are •
described in the Hydrology Manual for Maricopa County. A stormwater retention facility shall -

be designed to intercept and store all stormwater runoff from the tributary drainage basin.

Basically, this volume is defmed as the area beneath the inflow hydrography. - Some

jurisdictional agencies have developed simplified equations for determining the volume
required for retention. The engineer should verify the methodology for calculation of the

required storage volume with the appropriate jurisdiction. Off-site flows may not be routed

through a retention facility unless specifically approved by the appropriate jurisdictional

agency.

C. Siting and GeometQ'

With respect to siting, retention facilities which utilize a method of subsurface disposal shall

be located such that the infiltration surface will be a specific distance, both horizontal and

vertical, from any functioning water well. The appropriate jurisdiction should be contacted

regarding regulations governing the siting of such facilities near wells or near the static
groundwater table.

•
November. 1989 8.8



• Basic requirements regarding facility shape, side slopes, depth and bottom configuration are
provided below. Additional details are presented in Sections 8.3, 8.4 and 8.5 in conjunction
with guidelines regarding safety, operation and maintenance, aesthetic and multiple use
considerations.

1. Shape
As a general rule curvilinear, irregularly shaped facilities will have the most natural
character. A wide range of shapes can be considered and utilized to integrate the
detention facility with the surrounding site development. Smooth curves should be
utilized in the plan layout of the grading for the facility.

•

2. Side Slopes
Where turf is intended to be established, side slopes shall not be steeper than 4
horizontal: 1vertical. Where other protection measures are intended, such as shrub
planting, rock riprap or other strlfctural measures, slopes shall not exceed 3
horizontal: 1vertical unless approved by the appropriate jurisdiction. Where slopes
abut the street right-of-way, the minimum slope shall be 4 horizontal : 1 vertical
regardless of surface treatment. Some jurisdictions require a flatter slope~ The
engineer shouldverify the slope requirement prior to commencing design. Transitions
from slopes to level ground at the top and bottom of a facility shall be s~ooth curves.
In all cases, slopes must be designed to allow for safe operation of maintenance
equipment. Refer to Section 8.4 for provision of maintenance access. Side slope
design should be done with the visual character of the completed facility in mind. A
more natural appearance can be achieved by varying side slopes within a detention
area.

3. Depth and Bottom Configuration
Maximum ponding depth and freeboard requirements vary within Maricopa County
and specific criteria for such must be verified by the engineer with the appropriate
jurisdictional agency. With respect to grading, deep facilities should be avoided, if
possible. For facilities in exces~ of six feet deep, consideration should be given to the
use of flatter side slopes or the provision of intermediate benches along side slopes.

The minimum cross slope in the bottom of a retention facility shall be 1 percent.

•
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D. Drain Time •
The design of all retention facilities shall be such that the stored runoff shall be discharged
completely from the facility within 36 hours following the storm event.

E. Lining/Surface Treatment

In keeping with the goal of retention facilities as amenities that incorporate multiple use
concepts where possible,turf and/or landscape plantings are preferred surface treatments.
As a general rule, turf and plant species used for landscape development and revegetation
should be native to Maricopa County. A qualified landscape architect should prepare the
landscape design with consideration toward used ofplant species appropriate for the level and
frequency of inundation of the facility. Permanent irrigation systems are required for turf
areas and most types of basin revegetation and landscaping. However, use of native and
drought tolerant species (including seeding) may only require a temporary system to obtain
effective germination and establishment. Whether permanent or temporary, that portion of
the irrigation system within the flood zone must be designed to tolerate inundation and silt
accumulations.

The use of inert materials is appropriate for stabilization and erosion control where steep .•
slopes are unavoidable, along channels, at inflow points, at the outlet control structure and any
other location where flowing water may threaten stability. Use of these materials should be
properly engineered and should respond to aesthetic considerations. Inert materials for
erosion control include:

• Loose rock riprap with a specific, engineered gradation,

• Loose or grouted boulders (minimum dimension 18-inches and larger),

• River stone,

• Gabions, and

• Soil cement and concrete.

Designs that combine landscape planting with the use of inert materials are recommended.
Voids can be designed within the inert material to allow installation of plants. The result is
a durable and attractive method of protection.

•
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• F. Low Flow Channels

•

•

Low flow channels may be appropriate for retention facilities that dispose of stored runoffvia

a positive outlet. A jurisdiction may require provision of a low flow channel in a retention

facility to ensure that the facility drains completely. Refer to Section 8.2.2F, for ,guidelines

regarding low flow channels.

G. Retention Facility Inlet and Outlet Structures

Conveyance of runoff into a retention facility often involves directing the inflow down a slope

into the storage area. The design of an inlet structure shall be such that inflow is directed into
the facility in a non-erosive manner and without adverse impacts to the retention facility or

to upstream areas. The engineer is referred to analysis methods presented in Chapter 6,
Hydraulic Structures for the design of inlet structures.

Retention facilities shall be drained by either a positive gravity outlet, a pump station, or by

subsurface disposal measures. To facilitate maintenance, the minimum allowable pipe size for

the primary outlet pipeline from a retention facility shall be 12-inches in diameter. If the flow

capacity must be further reduced, an orifice plate may be attached. Additional details
regarding pipe outlets, including trash racks and outlet energy dissipation are presented in
Section 8.2.2G. General guidelines for the design of pump stations are contained in Chapter
9. Outflow rates from gravity or pumped outlets shall not exceed the capacity of the

downstream drainage system. The engineer shall make all investigations necessary to

document that no adverse impacts to downstream areas will occur as a result of releases from

a retention facility. An emergency spillway shall be provided for all retention facilities as

described in Section 8.2.2G. Subsurface disposal measures are described below.

H. Subsurface Disposal

The primary methods of underground disposal of stormwater runoff at retention facilities are

engineered basin floors and dry wells. InfIltration rates of basin floors or dry wells shall not

be used in determining outflow rates in flood-routing procedures.

1. Engineered Basin Floors

Analysis and design of the bottom of a retention facility intended for subsurface

disposal is detailed in a Federal Highway Administration publication entitled

Underground Disposal ofStormwater Runoff. The engineer engaged in the design of

such facilities is referred to this FHA publication for specific design criteria.
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2. Dry Wells •
Dry wells may be utilized for subsurface disposal of stormwater, if approved by the
jurisdictionalage~cy,and ifcriteriasuchas subsurfacestratapermeability,groundwater
levels and maintenance can be satisfactorily addressed. The main cause of dry well
failure is clogging of the transmission media (gravel) by silt and debris. Failure can be
hastened by poor maintenance. Figure 8.1 shows a typical dry well installation, while
Figure 8.2 shows examples of surface treatments.

The following list of general requirements and criteria shall be utilized in the design
and construction ofdrywells (or other methods ofsubsurface disposal ofstormwater).
In addition, the engineer is referred to specific dry well policies of the applicable
jurisdictional agency within Maricopa County.

• The feasibility of subsurface disposal of stormwater at a site must be
documented by field investigations and a report by a qualified geotechnical
engineer. Field investigations shall include percolation tests to obtain
permeability rates for use in the design of the retention facility. The maximum
disposal rate for a dry well is not to exceed 0.1 cfs per well unless a greater rate
can be supported by a detailed, certified soils report. Should the soils report
indicate a higher rate, a conservative value of 50% of the higher rate (not to •
exceed 0.5 cfs) shall be used to compensate for deterioration over time. The
infiltratiohsurface ofthe subsurfacedisposal facility mustbe located a specified
minimum distance from the static groundwater table, both horizontally and
vertically, depending on the type of development proposed. The appropriate
jurisdictional agency should be contacted for specific criteria regarding this
item.

• The design of a dry well must include provisions for trapping sediment within
a settling chamber. This measure will significantly increase both the efficiency
and useful life of the well. Once a year, at a minimum, the settling chamber
shall be inspected, and it shall also be inspected after any major inflow to the
dry well..Sediment shall be removed from the chamber at such a time that
approximately one-half of its capacity is filled. This level of sediment buildup
shall be clearly marked on the inside of the settling chamber. All sediment
removed from a settling chamber shall be disposed of either at an authorized
sanitary landfill or at any other suitable location approved by the governing
jurisdiction.

•
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Figure 8.1

TYPICAL DRY WELL INSTALLATION

(from: McGuckin Drillinf. Inc., Phoenix, Arizona)
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A. Adds a concrete pad for heavy traffil: areas.

C.I, RING & GRATEI
#MOII...--7~M~

MOISTURE MEMBRANE
MIN. 18" BELOW RIM

MODIFIED MANHOLE CONE ,

8' .8' .S' PAD.
MAGCl.,B
CONCRETE
1· #3 BARS
12"CC
EACH WAY

•

B. For landscaped retention ponds and planters. No paving or pad. In
areas where silt might flow to drywell, use C.

COMPACTED SOIL

MOISTURE MEMBRANE
MIN 18" BEl.OW RIM

MODIFIED MANHOLE CONE

C. Use in landscaped retention/detention basins or where heavy silt
flow IS anticipated. Height should be 4"=.

MOISTURE MEMBRANE
MIN. 18" BELOW RIM

MODIFIED MANHOLE CONE ,

D. A special design where unstable soil conditions could cause surface
subsidence. Also installed with connecting pipes and trenches.

•

2500 PSI CONCRETE

Sl.URRY 6" MIN. -.-..;t'::'!r.:;/".;l
THICKNESS

MUD ALL
l.INER JOINTS
ABOVE
PERFORATED
SECTION

November, 1989

Figure 8.2

TYPICAL DRY WELL SURFACE TREATMENTS
(adapted from: McGuckin Drilling, Inc., Phoenix. Arizona)
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e· • A test well shall be installed for any retention facility utilizing dry wells for
stormwater disposal. Upon approval of performance, this test well may then
be utilized as one of the functioning dry wells within the retention facility. For
purposes of design, the "initial" well-injection rates (determined from the test
well) shall be multiplied by the factor 0.5 in order to establish "aged" well
injection rates to be used for purposes ofdetermining the required number of
dry wells ultimately needed within the facility.

• Infiltration rates of dry wells shall not be used in determining outflow rates in
flood-routing procedures. Any retention facility which relies solely upon
infiltration as its method of drainage shall be sized to contain the maximum
storage volume that would be required without considering an outflow rate.

• Disposal methods which utilize infiltration shall not be permitted for
stormwater runoff which carries significant concentrations of sediment. This
includes stormwater runoff flowing through sand bed channels, as well as
stormwater runoff emanating from a predominantly natural watershed.

e" • During site development, all drywells shall be securely coveredwith filter cloth
or other material to prevent the introduction of excessive sediment into the
settling chamber.

Retention of runoff emanating from industrial developments and infiltration
of runoff to the sub-surface will be handled on a case-by-case basis by the
appropriate reviewing agency.

•

• Runoff stored in a retention facility shall be completely drained from the
facility within a maximum time period of 36 hours following the storm event.
Dry wells that cease to drain a facility in a 36-hour period shall be replaced by
the owner with new ones, unless an alternate method of drainage is available.

8.2.2 Criteria For Detention Facilities

A Design Freguencv

Stormwater detention facilities incorporated within new developments shall be designed to
ensure that, at a minimum, the post-development 100-year, 2-hour duration peak discharge
from the site will not exceed the pre-development conditions. In jurisdictions where multi-
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frequency control is required, the design shall be prepared to regulate the peak discharge rates •
for one or more storm events in addition to the IOO-year storm. Specific multi-frequency

events shall be verified with the appropriate jurisdiction.

B. Hydrology

For a typical stormwater detention facility, there are three variables to be considered in flood
routing through the structure. They are as follows:

1. Inflow to the facility which varies as a function of time,

2. Outflow from the facility which varies as a function of time, and

3. Storage which is the result of the difference between the inflow and outflow for a
period of time or time interval.

This is shown graphically in Figure 8.3.

•
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•

•

The outflow hydrography from a proposed stormwater detention facility shall be determined

utilizing the "Storage Indication" method of flood routing. Refer to the Appendix at the end

of this chapter for a detailed description of this routing procedure. Other very similar

hydrologic routing methods, such as "Modified PuIs", may also be used, provided that the

chosen method is first approved by the appropriate review agency. Ifa computer program for
flood/reservoir routing is intended to be used, documentation of the program shall be
submitted to the appropriate review agency prior to commencing design. Non-tributary flows
may not be routed through a detention facility unless specifically approved by thejurisdictional

agency.

Detention ponds in series (Le., when the discharge of one facility becomes the inflow of
another) are complex and require special consideration and design by an hydraulic engineer.

If such a system is unavoidable, the engineer must submit a hydrologic analysis which

demonstrates the system's adequacy. This analysis must incorporate the construction of

hydrography for all inflow and outflow components.

C. Siting and Geometry

Refer to Section 8.2.1C, for guidelines relating to facility geometry. The minimum cross slope
.in the bottom of a detention facility shall be 1 percent. The bottom shall be designed to drain

to a low flow channel (described below).

D. Drain Time

The design of all detention facilities shall be such that the stored runoff shall be discharged

completely from the facility within 36 hours following the storm event.

E. Lining/Surface Treatment

Refer to Section 8.2.1E, part 4 for guidelines regarding surface treatments for detention

facilities.

F. Low Flow Channels

A low flow channel is required in the bottom of a detention facility to provide positive routing

of drainage to the primary outlet structure. An example of a rectangular concrete low flow

channel is provided on Figure 8.4. The bottom of the detention facility shall be designed so

that a 1 percent minimum cross slope is provided to the low flow channel. The channel shall
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Figure 8.4
RECTA.L~GULAR CONCRETE CHANNEL SECTION

(adapted front: Arapahoe County Drainage'Criteria Manual. Undated) •November, 1989 8.18



• have a 0.5 percent maximum longitudinal slope. Alternative low flow channel designs may be
considered at the discretion of the individual jurisdictional agency, however, use ofloose rock
or other movable materials is specifically not permitted.

G. Detention Facility Inlet and Outlet Structures

Inlet structures shall be a designed to convey runoff into a detention facility in a non-erosive
manner and without adverse impacts to the facility or to upstream areas. Analysis methods
presented in Chapter 6, Hydraulic Structures, shall be utilized for the design ofinlet structures.

Outlet structures are an important component of stormwater detention facilities since they
control both the rates of release from the facility and the water depth and storage volume in
the facility. Outlet structures are classified as 1) primary outlet structures that provide the
hydraulic control for the specific design event(s) required by the jurisdictional agency, and 2)
emergency spillways that provide safe routes, typically via surface overflow, for storm events
in excess of the design frequency or in the case of debris blockage or malfunction of the
primary outlet structure.

•
1. Primarv Outlet Structures

Within Maricopa County, jurisdictional agencies may require attenuation of a single
frequency storm or a number of frequencies. The reader should refer to the specific
requirements of the jurisdiction where he/she is preparing a design, however, two
stage and multi-stage control structures are becoming more widely used. Figure 8.5
presents examples of single frequency and multi-frequency outlet control structures.
The minimum allowablepipe size for primary outlet structures is 12-inches in diameter.
If the flow capacity of an outlet pipe must be further reduced, an orifice plate may be
attached, as shown on Figure 8.6 A. The orifice plate must be constructed of heavy,
galvanized steel and attached by tamper-proofbolts. Other outlet configurations may
be allowed provided they meet the requirements of the permitted release rates at the
required volume and include proper provisions for maintenance and reliability.

Primary outlet structures, particularly those which control multiple storm events, are
often special design structures unique to specificsite applications. Consideration must
be given to structural adequacy and flotation under hydrostatic loads.

•
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• Trash Racks
Trash racks shall be provided for pipe and orifice outlets. The trash rack
assembly shall be hinged or removable to allow access to the outlet
construction. The mesh or bar screen shall be fabricated of steel designed to
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Figure 8.5
EXAMPLES OF PRIMARY OUTLET STRUCTURES

(adapted from: Pima County Department oCTransportation and Flood Control District, City oCTucson.
Storm Detention/Retention Manual Simons. Li and Associates, Undated.) •
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•

withstand the hydrostatic load resulting from the lOO-year design pondingwith
screen openings blocked. The rack assembly shall be galvanized steel or steel
with a protective coating suitable for exposure to sunlight as well as submerged
conditions. Figure 8.6 B provides guidelines for determining the open area
requirements for trash racks. An anti-vortex device should be included with
the trash rack design if vortices are anticipated which could affect hydraulic
efficiency and cause erosion of adjacent earth slopes.

EnerflY Dissipation at Outlet
Adequate energydissipation measuresshallbeprovided at the downstreamend
of primary outlet structures. Such measures shall be designed to control local
scour at the pipe outlet and to reducevelocities to pre-development conditions
prior to exiting onto the downstream property.

•

2. Emergency Spillways
Emergency spillways are normally surface overflow weirs, channels, or combinations
thereof, provided for the safe overflow and routing of floodwaters under unusual
circumstances. Such situations include the blockage or malfunction of the primary
outlet structure or the occurrence of a storm event larger than that for which the
facility was designed. Consideration must be given to the layout and configuration of
the emergency spillway so that excess flow is routed in the same-manner and direction
as would have occurred under pre-development or historic conditions. Emergency
spillways must be designed to convey the unattenuated 100-year peak discharge at non
erosive velocities. For criteria regarding design of emergency spillways for
embankments, refer to Section 8.2.4.

•

H. Permanent Pools

Certain jurisdictions within Maricopa County permit the design of a detention facility that
incorporates a permanent pool for aesthetic purposes. The engineer should contact the
appropriate jurisdiction for specific criteria and regulations regarding such facilities. General
considerations for facilities incorporating permanent pools are listed below:

• Flood storage volume shall be maintained above the level of the permanent pool.
Provision for draining the full depth of the pond shall be included at the outlet
structure.
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Figure 8.6

DETENTION FACILITY OUTLET DETAILS
(from: Jefferson County (Colorado), Stonn Drainage and Technical Criteria Manual

Urban Drainage and Flood Control District. WRC Engineering. May, 1987).
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Maintenance of a minimum water level should be ensured by the inflow from the
watershed and/or by augmentation from other sources during prolonged dry periods
and by the capability of the bottom of the facility to retain water. Seepage and
evaporation losses should also be considered.

Geometric characteristics of the pond include:

Provision of stable side slopes above and below the permanent water surface.

Sufficient depth in the permanent pool to limit photosynthetic activity, which
combined with nutrient-laden runoff, can result in algae blooms. An aeration
system such as a fountain or an artificial cascading stream is recommended for
recirculation of impounded water.

The pond edge shall be designed to minimize safety hazards. Water depth
should be limited to 1.5 to 2 feet in the zone adjacent to the shoreline.
Additional safety measures are discussed in Section 8.3.

".

Permanent pool water depths issues versus safety needs to be resolved; a 3-
foot depth at shoreline required to limit pond edge vegetation growth exceeds
the recommended pond edge depth (1.5 to 2.0 feet). Therefore, other safety
measures must be considered.

The design should consider measures to minimize sediment inflow to the pond. Once
sediment has entered the permanent pond, then removalcan be expensive and requires
draining the pond. Erosion should ideally be controlled at the source or by mil. gation
measures along the incoming channel. However, if such measures are not feasible a
sediment trap should be designed a the pond inflow location to intercept the m i.jority
of the incoming sediment and facilitate removal. (see Section 8.6.4).

• If the detention facility and permanent poo: ;Ire created by a retaining structur ,such
as an earth embankment, then the design suidelines for the embankments sJ all be
followed, with particular emphasis on see' :age control and embankment stabil .y (see
Section 8.2.4).
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• Potential impacts downstream shall be considered. The designer should be aware that •
an impoundment may improve, worsen or maintain existing downstream flow

characteristics, and that any changes, even apparent improvements, may be viewed as .
infringements of downstream riparian rights.

• Since a permanent pool is most often desired for creation of a focal amenity for a
development, it is appropriate that the qualified landscape architect work in
conjunction with the engineer to achieve an aesthetic design with consideration toward
costs of construction and maintenance.

8.2.3 Criteria for Special Detention/Retention Methods

Specialmethods forstormwater detention/retention include undergroundstorage, conveyance
storage, roadway embankment storage, and storage in parking lots, pedestrian plazas,
courtyards and common areas. The use of rooftops as storage areas for runoff is not
permitted in Maricopa County.

Application of these special measures is regulated according to specific jurisdictions within
Maricopa County. The engineer is advised to contact the local jurisdiction prior to
commencing design utilizing any of these methods. Since the following methods often result
in facilities near buildings, it should be emphasized that finished floor elevations ofstructures
shall be a minimum of one foot (1 ft) above the 100-year water surface of any
detention/retention facility.

A. Underground Storage

This type of storage involves the construction of underground tanks, pipes, or vaults which
accept stormwater runoff by means of inlets and storm drain pipes. Due to the high cost of
this type of installation, it is generally limited to high-density developments, where surface
storage is not feasible due either the scarcity or high cost of land, or both.

Underground storage facilities must be provided with some method of drainage (i.e. gravity
drains, pumps, or infiltration). In all cases, manholes (or some other means of access to the
underground storage facilities) must be provided for maintenance purposes.

B. Conveyance Storage

During the period that channels and floodplains are filling with runoff, the stormwater is being
stored in transient form. This type of storage is known as conveyance storage. Construction

•

•
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ofslow velocity channels with large cross sectional areas assists in the accomplishment of such
storage. Conveyance storage systems are usually feasible only on large projects, and require

detailed dynamic modeling for analysis.

C. Roadway Embankment Storage

When feasible, use of roadway fill slopes as an embankment for a detention basin provides an
economical means of stormwater storage. Special considerations must be given both to the
stability of the embankment and to the protection of the embankment from erosion.
Additionally, State of Arizona dam safety requirements may need to be addressed if the
embankment height and/or the potential storage volume exceeds certain limits (see Section
8.2.4).

D. Parking Lot Storage

A special case of surface storage is the use of parking lots for detention/retention. The use
of parking lots is an economical option for meeting detention/retention requirements in high
density commercial and industrial developments. Planning ofareas within a parking lot which
will accept ponding should be such that pedestrians are inconvenienced as little as possible.
Deeper areas should be confined to remote areas of parking lots, whenever possible. The
maximum depth of ponded water within any parking lot location shall be one foot (1 ft).
Drainage of parking lots can be accomplished by means of dry wells (if permitted), curb
openings, weirs, storm drains, orifices in walls, gated outlets, etc.

The minimum longitudinal slope permitted within parking lot storage facilities is 0.005 ft/ft,
unless concrete valley gutters are provided. With concrete valley gutters, a minimum
longitudinal slope of 0.002 ft/ft may be permitted.

E. Storage in Plazas. Courtyards and Common Areas

Landscaped common areas, pedestrian plazas and courtyards, which are typically provided in
conjunction with high density residential, commercial and office developments, provide
opportunities for multiple use as stormwater detention/retention facilities. Such facilities
should be designed to minimize public inconvenience, especially during frequent storm events.
Public safety issues are also very important with this type of facility (see Section 8.3). Positive
drainage to the outlet structures and trash/debris control must be provided to assure that the
facility drains completely and efficiently.
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8.2.4 Embankment Design Criteria

It is recommended that, whenever possible, detention/retention facilities should be
constructedwith the storage volume located entirelybelow the naturalground surface adjacent
to the basin. However, in some instances this may not be possible, and embankments may be
necessary in order to provide the required storage volume. Since the use ofembankments may
create a potential downstream flood hazard due to failure of the embankment, the following
design considerations must be addressed in conjunction with their use.

A. State Darn Safety Reguirements

The Arizona Department ofWater Resources (ADWR), Division ofSafety ofDarns, has legal
jurisdiction over all darns (embankments) which exceed certain height and storage limits. A
tljurisdictional dam,tI as defined by ADWR, is tI.... either 25 feet or more in height or stores
more than 50 acre-feet. Ifit is less than six feet in height regardless of storage capacity or does
not store more than 15 acre-feet regardless ofheight, it is not injurisdictiontl (see Figure 8.7).
The ADWR should be contacted regarding specific dam-safety requirements in conjunction
with the design ofany embankmentwhich might corne under theirjurisdiction. Embankments
which do fall within the jurisdiction of the ADWR shall comply with the applicable ADWR
design requirements.

B. Non-jurisdictional Darn Design

Embankments for detention/retention facilities in Maricopa County that are "non
jurisdictional" according to the state criteria will generally be classified by the state as small
darns with an associated hazard potential. The hazard potential classification is related to the
conditions downstream of the dam. In the urban environment of Maricopa County, the
potential for probable loss of life and excessive damage to development downstream (existing
or future) is great. Therefore, all darns for detention/retention facilities will be considered
as having high hazard potential.

The design reports, calculations, plans and specifications for construction of an embankment
for a detention or retention facility shall be prepared by, or under the direction of, a
professional engineer registered under the laws of Arizona, having proficiency in civil
engineering as related to dam technology. The engineer should chec:k with the appropriate
jurisdiction for specific submittal requirements for embankment dam designs. Figure 8.8
shows a typical section of an embankment darn with common components applicable to a
typical detention or retention facility.

•

•

•
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STATE OF ARIZONA
DEPARTMENT OF WATER RESOURCES

SAFETY OF DAMS SECTI ON

15 SO
eAcre-Ful

RESERVOIR CAPACITY

"A ~llISnIC!IO~ ~~! is either tventy-five feet or more in height or stores
core than fifty acre-feet. If it is less th~n si~ feet in height rega::!ess
of Itorage ca~acity or does not store more than fifteen acre-feet rega::less
of height, it is not in jurisdiction.

!P~ REICH! is the vertical dist3nce from the lowest elevatio~ of t~e outside
limit of the clam at its intersection with the n~tural s:ound su:fac:e to ":~e

.~illvay cre.t elevation.

!P~ CAPACI!Y is the ma~imum stor~&e. in ac:re-feet whic:~ c:~n ~e i=?:un:e: by
the da: when the.... i.. ~o cilsc:h:lrge of water.

FIGURE 8.7
STATE OF ARIZONA JURISDICTIONAL DAM DEFINITION
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FIGURE 8.8
DETENTION/RETENTION FACILITY EMBANK1\1ENT DAM

(Typical Section)
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• C. Geotechnical Engineering Studies

•

A geotechnical engineering study shall be conducted prior to the design ofany dam. The study

shall provide information on the dam site conditions such as the dam foundation and
abutments (valley floor and sides), and shall provide evaluation of soil materials proposed for

construction of the dam. Samples obtained from borings and exploratory pits can be tested

under laboratory conditions to evaluate more precisely soil and rock classification properties,

strength, permeability, compatibilityand other specialized tests pertinent to the specificproject

conditions. Analyses shall be conducted to evaluate conditions such as embankment slope,

foundation stability, embankment and foundation seepage, internal and external erosion
potential and embankment settlement. The results of these analyses are used to develop
criteria for economic and safe design and construction of embankment dams. These criteria

include the types and zones of embankment fill materials based on utilization of available
borrowmaterials, upstreamanddownstreamembankmentslopes, and recommendedmeasures
for control of seepage.

D. Emergencv Spillway

All embankment dams for detention/retention facilities shall incorporate an emergency

overflow spillway for the safe overflow and routing of floodwaters under unusual

circumstances. Such conditions include the blockage or malfunction of the primary outlet

structure or the. occurrence of a storm event larger than that for which the facility was

designed. Floodwaters that might otherwise overtop the embankment shall exit the facility via

the emergency spillway and flow downstream in the same manner and direction as would have
occurred under pre-development or historic conditions.

The design of emergency spillways shall incorporate adequate erosion control and energy

dissipating measures to insure the stability of the embankment. Due to the high hazard

potential of embankment facilities in Maricopa County, the minimum design standard for

emergency spillways shall be as indicated in Table 8.1. Total freeboard and residual freeboard

dimensions shall conform to the applicable ADWR design requirements.

Table 8.1
Embankment Dam

Emergency Spillway Design Capacity Requirements

•
November. 1989

Dam Height

H..$..6 ft.
6ft. < H < 25ft.
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Spillway Design Capacity

Unattenuated IOO-year inflow
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E. Primary Outlet Structure •The primary outlet structure is the main outlet structure by which stormwater is discharged
from a detention/retention facility. It is typically a closed conduit structure with an inlet
specifically designed to control a single frequency storm or multiple events depending on the
requirements of the specific jurisdiction. Examples of typical primary outlet structures and
discussions of related components such as trash racks and energy dissipation structures are
presented in Section 8.2.1G (see Figure 8.5 and Figure 8.6). Special consideration must be
given to seepage control along outlet conduitswithin an embankment dam, as discussed below.

F. Seepage

There are basically two categories ofseepage considerations in embankment dam design. The
primary concern is that seepage does not adversely affect the integrity or stability of the dam.
The other category, water storage loss, is something the owner is usually most concerned
about This category rela;tes to design of additional seepage control measures as required to
maintain a permanent pool for reuse (water harvesting), aesthetic or recreational purposes.
Analyses shall be conducted in the following areas at a minimum, to address control ofseepage
for the primary function of detention or retention of stormwater.

1.

2.

November. 1989

Foundation
The flow of water through a pervious foundation produces seepage forces as a result
of the friction between the percolating water and the soil medium. As the water
percolates upward at the toe of the embankment, the seepage forces lift the soil by
reducing its effective weight. In certain cases, this "piping" of the foundation soil can
result in the failure of an embankment. A very common approach used is to excavate
a cutoff trench into the foundation strata, typically into an impervious layer. The
trench is then carefully backfilled with relatively impervious material.

Embankment
Seepage through an embankment will occur, even with the tightest materials. On the
upstream side of the dam, the embankment soils will reflect a water level equal to the
impounded water level. As the water seeps through the dam, its pressure reduces and
the water level drops. Design of the embankment should be such that seepage at the
downstream toe occurs with no residual pressure. If the seepage were excessive, or
were to emerge at an unplanned higher location, then erosion could begin at the
discharge point and rapidly remove materials from within the embankment. Toe drains
are typically designed to pick up the planned seepage flow, preventing nuisance
conditions and enhancing slope stability.

8.30
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• 3. Slope Stability
Combined with seepage analysis, slope stability analysis is critical. The forces pushing
a mass ofsoil are analyzed with respect to the force resisting that movement. A related
problem is slope stability during conditions of rapid change. A common concern is
during a rapid drawdown, such as when operational problems with outlet works or

seepage occur. With such operational problems, pressures in the soil may cause the
slopes to fail during drawdown.

•

•

4. Pipin~ alon~ Boundaty Conditions
Wherever there are boundaryconditions, such as along an outlet conduit, spillwaywall,
cutoff trench or more subtle situations such, as layers of fill that have been rolled to
a smooth hard surface, there is the potential ofcreating a more direct route for piping.
The water flows at a higher erosive rate because it has a shorter more efficient route.

The technique that is often used along conduits and walls is to construct cutoff collars
which extend laterally at intervals into the trench or embankment. When a much
longer flow path is created, piping is minimized.
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8.3 SAFETY

Public access and safety are inherent elements in the design ofa detention or retention facility.
These elements are of primary importance, particularly in the case of multiple-use facilities
where public use is encouraged in areas subject to potential flooding.

Safety at detention/retention facilities is addressed in two ways. The first relates to the need
to identify and communicate potential hazards to the public. For example, with proper
signage, users can be made aware of the existence of potential hazards such as flooding, high
velocity flows, etc.

•

The second relates to the design and maintenance of the facility. Appropriate steps must be
taken to mitigate potentially dangerous conditions. Where the dangerous condition cannot
be prevented, appropriate measures must be implemented to keep users awayfrom hazardous
locations. If these safety concerns are appropriately addressed, there is no reason why public
use of detention/retention basins should not be allowed and encouraged.

8.3.1 Identification of Potential Flood Hazard

Signs will be the principal means by which users of the facility are advised of potential flood
hazards. Signs should be provided at all designated entryways. They should also be provided
at intervals (approximately 100 feet) around the perimeter of the ~acility to inform visitors
who might gain access at other than designated entrances. '

In addition to entry and perimeter signs, signs should be installed within the facility. These
signs should restate the potential flood hazard and should provide directions for appropriate
routes out of the basin area should flooding occur.

Signs should indicate that rain in the immediate area is not a prerequisite for high water levels.
They should indicate that storms elsewhere in the watershed can result in flooding, and in
some cases, a wall ofwater may enter the facility. An interpretive display sign illustrating this
phenomena may be appropriate at each major entrance.

To be effective in communicating the potential flood hazard to the public, signs must be in
place when and where needed. Consideration must be given to durability and vandal
resistance. Materials, fasteners, installation techniques, mounting heights, etc. must be
evaluated in the design of important warning signs.

•

•
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In some instances, warning devices other than signs may be appropriate and necessary. An
audible alarm or a system of flashing lights, with a remote sensor activated by floodwater in
an upstream channel, might be considered. This might be necessary in locations where
watershed and inlet characteristics could result in rapid filling of the facility.

Where parking lots are designed such that floodwaters will inundate the area, signs should be
posted to alert users. Overnight or long-term parking should be prohibited.

8.3.2 Safety Concerns Related to Inlet Structures

Often higher flood flow is directed into a multiple-use facility by an overflow side channel
spillway or by a drop structure. A large volume of water entering the facility at high velocity
can literally wash away an individual who is on or near the inlet structure. The design of an
inlet that minimizes the velocity of incoming water will greatly enhance safety and should be
included in the criteria for inlet structure design. Railing or fencing shall be designed at the
top of all structural walls.

It is also important to design inlet structures so that they do not become attractive nuisances.
They should not be suitable for potentially dangerous activities such as skateboarding and
motor-cross biking. In this regard, a rough textured surface might be more appropriate than
a smooth, troweled-finish concrete surface. Features that preclude inappropriate uses of inlet
structures should be utilized.

As noted above, signs located around the inlet structure can inform the public of potential
hazards associated with the area. Informative and well-maintained signs will be critically
important in basin inlet areas.

8.3.3 Safety Concerns Related to Outlet Structures and Spillways

There are two elements of the safety issue as related to outlet structures and spillways. The
first deals with the safety of the user during flood conditions. The second deals with the
uninterrupted operation of the outlet or drain required for the release of impounded water.

User safety must be of primary concern with the design of outlets or drains. They must be
designed so that it is not possible for a user to be washed into an outlet pipeline and trapped.
This is particularly important when considering children who might be inclined to use the
outlet structures as a playground.
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A properly designed trash rack can prevent clogging by debris, as well as, prevent a person •
from being swept into the outlet structure and pipeline. In addition, where hydraulic
conditions at the outlet structure can lead to the formation of a vortex, the design should
include anti-vortex protection. It is important to note, however, that an outlet structure is not
a safe structure during flood conditions, whether it is a horizontal pipe outlet or a riser type
structure mounted to a horizontal pipeline. Powerful inlet velocities can draw a person
underwater at the outlet structure regardless of the existence of a trash rack or grate. Signage
is important to alert the public of this danger.

All site furnishings, such as benches, trash receptacles and picnic tables must be secured to
prevent them from becoming waterborne-debris which could clog the outlet structure.

Safety must also be considered downstream of outlet structures. Release flows, even though
they may be controlled, can present a hazard. Specific conditions downstream of an outlet
must be evaluated in terms ofsafety. To protect the public, structural walls shall have fencing
or railing along the top of an outlet structure.

8.3.4 Safety Within the Facility

The principal factors associated with safety inside a detention/retention facility are user
education, advance warning, potential water depth, slopes, routes out of flooded areas, and
time to drain.

User education is a fundamental element in safety design for a detention/retention facility.
Clear, concise signage with illustrative graphics can inform the public of the primary flood
control purpose of the facility and describe the various features and their potential danger
during a flood. Adv~mce warning (alarms or lights triggered by upstream water levels) should
be considered for multiple-use facilities, particularly where flash flooding and rapid basin
inflow is possible.

Safety concerns increase with an increase in potential water depth. A facility with a potential
water depth of 2 to 3 feet (less than the head height of most users) is typically less dangerous
than a facility with a potential water depth of 5 to 6 feet, or more. For reasons of safety,
potential water depth in detention/retention facilities should be kept to a minimum. It is
recommended that potential water depth be three feet or less, whenever possible.

In all facilities, regardless of depth, slopes in flood-prone areas should be kept as shallow as
possible. This will allow users who find themselves caught in flooded areas (or users who
deliberately enter flooded areas) to walk out and up to non-flooded zones. It is recommended

•
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that slopes in flood-prone areas not exceed 6 horizontal : 1 vertical.

In addition to slopes, consideration should be given to bottom conditions in flood-prone areas.

Soils that provide firm footing when saturated are safer that soils which do not. In severe cases

of unsuitable soils, partial or total removal may be necessary.

In addition to gentle slopes, routes out of flood-prone areas must be provided. Barriers that

could trap a user in a flood-prone area must be avoided. Safe, well-signed exit routes, that are

negotiable under wet conditions, must be developed.

The time required for a basin to drain can impact its safety. Generally, basins should be

designed to drain as quickly as possible within the constraints of flood control requirements.

All detention/retention facilities must be designed to drain completely within 36 hours.
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8.4 OPERATION AND MAINTENANCE

There are two major components to the maintenance of a detention/retention facility. The

first is to design a facility that is maintainable, and. the second is the physical work required

to keep the facility operating as designed and constructed. Maintenance of a

detention/retention facility falls into two categories; scheduled and unscheduled. Scheduled

maintenance includes those activities such as mowing, pruning, and trash removal. These

activities can be predicted and can be performed on a regular basis.

•

Unscheduled maintenance will involve the repair of facilities after storms and flooding. The

frequency and scope of this type of maintenance cannot be predicted. Examples of this type

are: (1) embankment repair to keep erosion or rock riprap or earth fill sloughing from

weakening the dam structure; (2) debris removal during and following storms; (3) inlet and

outlet channel repairs to halt erosion and maintain hydraulic capacity; and (4) inlet and outlet

structure repair to insure that the facility will function as intended. It is important that

adequate funding be provided for "unscheduled" maintenance such that repairs can be made

immediately after flood damage or inundation occurs.

8.4.1 Design Considerations

The following is an outline of design considerations and recommendations which facilitate

specific maintenance activities.

A. Access

Access roads for service and maintenance vehicles should be maintained to allow for

equipment access to the facility, whenever needed. Access control gates should be provided

if restricted access is required.

Design recommendations:

• Access ramps into the facility shall be graded at 10 percent or less. Turning radii shall

be 50 feet or greater. Access ramps shall be designed for vehicle wheel capacities not

less than 12,000 Ibs.

• Services drives and gates shall be located in readily accessible, but inconspicuous,

locations so as to not encourage unauthorized use.

•

•
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• • Design access control gates and adjacent areas shall be as secure as economically
feasible. Initial expenditures for access control can save significant costs in future
repairs.

•

•

B. Sediment Removal

Sediment will inevitably be deposited in the detention/retention facility. Conditions will be
worst during years when construction activity in the watershed is greatest.

Design recommendations:

• Provide stilling basins or fore-basin collection points where most sediment will be
deposited (see Section 8.6.4).

• Provide controlled vehicular access into the facility for trucks and front-end loaders.

C. Repair of Eroded Slopes

Immediate repair of eroded slopes can minimize the ultimate cost for this activity. Small areas
can be repaired by hand with on-site materials. Large eroded areas are much more difficult
and expensive to correct because they may require larger equipment to place imported
material.

Design recommendations:

• Keep side slopes to minimum percentages to reduce likelihood of erosion.

• Provi?e vegetative or inert material cover on all slopes to minimize erosion.

• Adequately protect slopes subject to moving water or foot traffic. Make detailed
evaluation of anticipated conditions and design protection accordingly. Use collector
ditches for on-site drainage at the top of slopes.

D. Weed Control

Weed growth can adversely effect the use, the appearance, and the hydraulic characteristics
of a basin. Therefore, weed growth shall be controlled. Extensive use of herbicides in basins
where the primary or secondary purpose is groundwater recharge is not acceptable.
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Design recommendations:

• Plant or seed all non-paved areas, in and around, the basin to establish a vegetation
cover. Weed infestation is much less likely in areas which have a cover of desirable
plants, than on disturbed or untreated areas.

• Design basins to allow all areas, including slopes, to be accessible by equipment such
as flail mowers which can cut or remove weed growth.

E. Maintenance of Low Flow Channels and Draina~e Structures

In-basin drainage structures and facilities mustbe maintained to insure theirproper operation.
Design can influence maintenance requirements.

Design recommendations:

e·

• Provide access to channels for front-end loaders and hauling equipment. Provide
accessible areas, free of trees, to accommodate equipment movement.

• Provide energy dissipators to prevent damage to the channel or drainage structures
during high inflow conditions.

Design structures so that they will not collect debris which could impact proper
operation.

e

F. Landscape Maintenance

Some degree of plant and landscape maintenance will be required even when utilizing native,
drought-tolerant species.

Design recommendations:

• Select species with growth habits that minimize pruning and trimming or other
maintenance requirements.

•
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Specify and utilize the largest plants within budgetary constraints. This can minimize
potential damage during initial growth seasons.

Space trees Qr plant masses for maintenance and equipment access.
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• G. Irrigation System Maintenance

Maintenance considerations of irrigation systems are critical, particularly when a permanent
irrigation system is installed.

Design recommendations:

• Specify and utilize equipment that will continue to operate when "contaminated" with
sand or other soil deposition. For example, large sprinkler head orifices, verses drip
emitters, are less likely to clog when lake or well water is used for irrigation.

• Zone anq layout system to avoid crossing channels where scour and erosion are likely
to occur.

• If required, increase depth of bury or encase pipelines in concrete (particularly
mainlines) that cross channels that are likely to be eroded.

• • Install control equipment (other than remote control valves) in areas not subject to
stormwater inundation.

H. Sign. Wall. and Fence Maintenance

For the protection of the public, informational signs and fences must be maintained and kept
in good repair.

Design recommendations:

• Utilize signs that are made of aluminum or other durable material that does not
corrode or cannot be burned.

Secure signs to posts or standards with tamper-proof fasteners. Utilize posts or
standards that will not be damaged by anticipated flooding or vandalism.

•
•
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Locate fences away from areas likely to collect debris and act as dams to incoming
water or water moving within the basin.

Design fences, gates, walls, etc. to minimize damage or accidental opening during
normal area use or by flooding.
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• In non-critical areas, design fences with an open or "clear-space" at grade to allow
shallow water and debris to flow or blow under them.

• Design fences such as backstops, with break-away or swing-away panels so not to
impede critical flows through basin.

•

•
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8.5

8.5.1

MULTIPLE-USE CONCEPTS AND AESTHETIC DESIGN GUIDELINES

A goal in Maricopa County is to design detention/retention facilities as amenities and, where
possible, to incorporate multiple-use concepts. Flood control functions and other uses in
detention/retention facilities are generally compatible. Rationale for multiple-use facilities
includes decreased facility costs and an increased community acceptance. Combining flood
storage with recreation uses or other community facilities on a single site decreases total costs
for land acquisition and site development. The development of detention/retention facilities
as parks or urban green space increases their acceptance by area residents and encourages
better overall maintenance. If appropriately designed, use conflict is a minor concern.

The planning and development offacilities for multiple-use requires cooperation between the
engineer, a qualified landscape architect, intergovernmental agencies, community

. organizations, park and recreation departments, and risk management agencies.

Potential uses

Appropriate uses for detention/retention facilities in Maricopa County include active and
passive recreation, urban green space, water amenities, water harvesting and groundwater
recharge. Use(s) in addition to flood control should address specific community needs and
be clearly be identified before the facility is designed.

A. Active Recreation

Active recreation includes a wide range of organized and unstructured activities that involve
some type ofphysical movement. This type of recreation activity, both individuals and groups,
generally requires larger areas than passive recreation uses. Because of their size, regional
detention/retention facilities can provide more opportunities for group sports with large
space requirements. Field sports (soccer, football, baseball) require areas with standardized
dimensions. Some examples of activities suitable for small detention/retention basin areas
are listed in Table 8.2.

Table 8.2
Active Recreation Uses

Small Detention/Retention Basin Areas

•
•
•

•
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flying kites •
basketball •
playground activities •
parcourse/work-out stations •
skateboarding
horseshoes
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frisbee throwing
tennis
volleyball
croquet
badminton

•
•
•
•

walking a dog
outdoor concerts
bike riding
jogging
rollerskating



B. Passive Recreation •
Passive recreation generally involves individuals or small groups and a minimal amount of
physical activity. Typically, passive recreation does not require large open spaces, and is,
therefore, appropriate for both large and small detention/retention facilities. Table 8.3 lists
examples of passive recreation uses.

Table 8.3
Passive Recreation Uses

• sunbathing • picnicking
• board/card games • star gazing
• nature study • reading
• writing/sketching • napping
• sitting • talking

C. Detention/Retention Facilities as Water Amenities

Facilities that incorporate a permanent poolcan provide physical and psychologicalrelieffrom
the hot desert environment. The use of a permanent pool for detention/retention facilities
is limited strictly to a visual amenity because body contact activities, such as swimming or
wading, are specifically excluded. Some general considerations are discussed below.

• Bottom Lining
Choose material suitable for retention of water and with consideration toward
maintenance (i.e., ease ofsediment removal, etc.). Provisions for completely draining
the pond should be made.

• Edge Treatment
Create aesthetic. yet maintainable edges. For safety, water within 8 feet of the
shoreline should not exceed two feet in depth. Edge design also should consider the
effect of drawdown of the water surface. That is, a drop in water surface elevation
should not create a wide expanse of unsightly shoreline. Similarly, the area
surrounding the permanent pool should be designed for periodic inundation. The area
should drain completely and return to a stable surface following a flood event.

• Water Quality
Maintainwater quality and minimize algae growth by designing for sufficient minimum
depth and incorporating use of recirculation and aeration measures.

•

•
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• • Public Safety
Consider public safety as primary in the design ofall features related to the permanent
pool.

_ ,D. Urban Green Space

Urban green space -provides a visual resource within the community. As urbanization
continues, the value of green space will increase. Green space provides visual breaks from
th,e urban environment, acts as a fIlter to clean the air and can reduce erosion from wind and
rain. Landscape materials in a detention/retention facility should respond to the recessed
nature of the land form, the scale of the facility and the occurrence of frequent flooding.

, 'I1:te use of native and non-native, drought-tolerant species for landscape planting is highly
recommended. The following basic zones should be considered in the landscape design for
a detention/retention facility.

•
• Channels

These are areas where there will be flowing water. Planting in these areas should be
limited to grasses, groundcovers and low growing shrubs, with preference given to
vegetation with flexible branching and resilient growth habits.

•

• Basin Areas
There may be inundation and standing water in basin areas at some time during year.
Choice of plant materials should reflect these conditions. Trees, shrubs and grasses
tan be planted judiciously in these zones.

• Elevated Areas
These areas may be occasionally inundated. The choice of plant material will depend
on the use assigned to the area. Trees, shrubs and grasses can be planted and more
easily maintained in areas of higher ground elevation.

E. Water Harvesting for Reuse or Recharge

A basic water harvesting system consists of three components: collection, storage and
dispersion. Since stormwater detention/retention facilities will already be designed to collect
and store runoff, some simple additions may allow harvesting the water for reuse. All·
applicable requirements of the Health Department and the Arizona Department of Water
Resources must be met in addition to the normal review requirements.
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For reuse of stormwaterfor such things as on-site landscape irrigation, the facility must be •
lined by an impermeable, membrane or by treating the soils to increase impermeability with
native or imported clay or other measures. The localjurisdiction must be contacted regarding
the acceptability of soil treatment measures in terms of the effect on water quality. Grading
of the surrounding site shpuld optimize cunoff to the storage facility. An evaporation control
mechanism may be appropriate for a surface storage system. Dispersion ofwater is typically
achieved by pumping from the pond for irrigation.

.A facility may be designed specifically to augment the groundwater aquifer. No formal
dispersion is required other than methods to maximize the potential for water to percolate
through the subsurface to the groundwater table. Thus, the facility should be designed to
maximize the surface contact area between the stored water and the soil. Potential siltation
problems must be addressed by providing a settling basin at the inlet or by other suitable
measures.

Runoffwater storedfor recharge or reuse purposes does not contribute to detention/retention
requirements. Adequate storage for detention/retention must be provided at all times, in
addition to the volume provided for harvested water.

•

•
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• 8.6 WATER QUALITY

8.6.1 Introduction

Urban runoff is distinguished from undeveloped area runoff in two principal ways: it occurs
at greater diScharge rates and volumes, and it contains varying but commonly higher
concentrations of toxic substances, bacteria, and dissolved organic matter.
Detentionjretentionfacilities can playa significant role in mitigating the pollution problems
associated with urban runoff.

8.6.2 Major Pollutants and Their Sources

Major pollutants associated with urban runoff include the following:

• Sediment
Construction activities associated with urbanization, and poor agricultural practices
result in erosion and sedimentation.

•
• Suspended Materials

Particulate matter and floating material, such as oils and scum, are included as
suspended material. Suspended solid concentration in urban runoff may be 2 to 3
times that found in domestic waste.

.- .

• Oxygen Demanding Materials
These include degradable organic matter and certain nitrogen compounds that
consume the available dissolved oxygen as they degrade. The biochemical oxygen
demand of stormwater runoff is usually in the 20 to 30 mgjl range, almost the same
range as sewage effluent after secondary treatment.

• Pathogenic Bacteria and Viruses
These include coliform, fecal coliform, and fecal streptococci, the same pathogenic
bacteria and viruses found in domestic sewage. .

• Toxic Substances
These include heavy metals and a full range of EPA designated pollutants. The EPA
list contains approximately 100 primarily organic substances such as TCE.

Studies show that the areas contributing the greatest amounts ofpollution are those with highly
erodible surface conditions, such as plowed land or construction sites, or those areas
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characterized by highly impermeable surfaces, such as shopping malls, industrial areas and
large housing complexes. Runoff from vehicular right of ways, which accounts for over 20%
of some urban lands, will contain hydrocarbons, other organics and a diminishing, but still
significant, amount of lead. Fertilizers and pesticides are transported by runoff from
residential and agricultural areas.

8.6.3 Role of Detention/Retention Facilities in Water Quality Control

Most pollutants of concern have a high affmity for suspended solids in runoff and for soil
particles. Thus, the most logical way to achieve pollutant removal is through sedimentation
and infiltration. Consequently, detention/retention facility design for water quality control
should maximize settling to the extent possible. This consideration may alter typical design
features. In general, quiescent conditions and infiltration should be maximized while short
circuiting should be minimized. Design techniques that will accomplish these objectives are:

• Utilization oflong, narrow basin configurations, Le., width to length ratios of2:1 to 3:1,
with the length measured along a line between the inlet and outlet.

• Installation of inlet and outlet structures at extreme ends of the basin,

Utilization of baffles or flow retarders,

• Construction of ponds in two stages,

• Utilization of riser outflowstructures, instead ofground level pipes, to maintain a slow
draining pool encouraging infiltration,

• Development of a grass cover for the basin floor, and

• Utilization of underground tile drains for outlet discharge to provide soil filtration of

the runoff.

The utilization of wet rather than dry ponds will generally improve quiescent conditions,
maximize infiltration, and provide a degree of biological treatment.

8.6.4 Method for Control of Sedimentation

Sediment removal within a detention/retention facility may be facilitated by the use of a
"sediment trap" at the inlet, which will concentrate the majority of the incoming sediment bed

•

•

•November. 1989 8.46



•

•

load to a small portion of the facility. Sediment traps should be provided in conjunction with
all detention/retention facilitieswhich are intended as multi-use facilities. A conceptualsketch
of a typical detention-basin sediment trap is provided on Figure 8.9. Following is a list of
guidelines for the design of efficient sediment traps.

1. An additional sedimentation volume should be provided within the sediment trap at
an elevation below the invert of the inflow channel.

2. The length/width ratio of the sediment trap should be a minimum of 2: 1, with the
length measured along a line between the inlet and outlet.

3. The basin shape should be wedge-shaped, with the narrow end located at the inlet to
the basin (see Figure 8.9).

4. Provisions for total drainage and accumulated sediment removal of the sediment trap
must be provided. Maintenance access should also be provided and designed to
accommodate heavy trucks and otherequipment necessaryfor removalofaccumulated
sediment.
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Plan

•

•

=

O. 6

(COnduit For Drainage of Sediment Trap

~J 4IIf ~.. L

............... ".. ~"

---.:. WaterLe~
Sediment
Build-Up

Section

Inlet Channel
Invert~

FIGURE 8.9
SEDIMENT TRAP CONCEPT

(from Pima County Department ofTransportation and Flood Control District. City ofTucson.

Slonnwaler Detention/Retention Manual. Simons, Li and Associates, Undated.) •
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• 8.7 APPENDIX

8.7.1 Flood Routing Through Detention Facilities by the Storage-Indication Method

Characteristically, the storage of a reservoir is closely related to its outflow rate. In reservoir

routing methods, the storage-discharge relation is used for repeatedly solving the continuity

equation, each solution as a step delineating the outflow hydrography.

The continuity equation used in reservoir routing methods is concerned with conservation of

mass: for a given time interval, the volume of inflow minus the volume of outflow equals the

change in volume of storage. It is necessary to use consistent units with any routing equation.

Additional commonly used sets of units are presented in Table 8.4. The routing equation is

often written in the simple form:

where:

~t

I
o

~S

=
=
=

=

~ t(I-O) =~ S

Time interval (hrs),

Average rate of inflow during the time interval (cfs),

Average rate of outflow during the time interval (cfs), and

Change in volume of storage during the time interval (cfs-hrs).

(8.1)

In most applications of the continuity equation, the flow and storage variables are expanded

as follows:

Such that, Equation 8.1 becomes:

(8.2)

•

where:

~t

November, 1989

=

=

=

=

=
=

=

Time interval t2 - t1, where: t1 is the time at the beginning of the interval,

and t2 is the time at the end of the' interval (hrs),

Inflow rate at t1 (cfs),

Inflow rate at t2 (cfs),

Outflow rate at t1 (cfs),

Outflow rate at S (cfs),

Storage volume at t1 (cfs-hrs), and

Storage volume at t2 (cfs-hrs).
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When routing with Equation 8.1, the usual objective is to fInd 0; and, with Equation 8.2 to

find 02' This means that, the equations must be rearranged in a more convenient working
form. It is also necessary to use the relationship of outflow to storage in arriving at a solution.
Most reservoir routing methods, currently used, differ only in their arrangement of the routing
equation and in the form .of the storage-outflow relationship.

Table 8.4
Commonly Used Sets of Units for Reservoir Routing

Time Rates Volumes
Inflow Outflow Inflow Outflow Storage

hours cfs cfs cfs-hrs cfs-hrs cfs-hrs
days cfs cfs cfs-days cfs-days cfs-days
days AF/day AF/day AF AF AF
hours in/hr in/hr inches inches inches
day in/day in/day inches inches inches

For most stormwater detention facilities, the time will be in hours, the rates in cubic feet per
second (cfs) and the volumes in cfs-hours.

Some conversion factors are as follows:

• cfs-hours = 12.1 (acre-feet);
• cfs-days =0.504 (acre-feet); and

• inches = acre-feet/53.3 (drainage area in square miles).

The Storage-Indication Method, which has been widely used for reservoir routing, has

discharge rates as input and output.

The Storage-Indication Method uses Equation 8.2 in the form:

•

•
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• which is the same as:

(8.4)

where I = (11 + 12)/2. The values of "I" are taken either from mid-points of routing intervals

of plotted inflow hydrography or computed from inflows tabulated at regular intervals. A

working curve of O2plotted against (S2/6. t) +(°2/2) is necessary for solving the equation.

A defect of the Storage-Indication Method for reservoir routing is that there is no rule for

selecting the proper size of routing interval. Trial routings show that negative outflows will

occur during recession periods of outflow whenever 6. t is greater than 2 S2/O2(or whenever

O2/2 is greater than S2/6. t). This also means that rising portions of the hydrograph are being
distorted. In practice, to avoid these possibilities, the working curve can be plotted. Then, if

any part of the working curve falls above the line of equal value (closer to the 02 axis) then the

entire curve should be discarded and a new one made using a smaller value of6. t.

The following steps are used with the Storage-Indication Method of flood-routing:

•
1. Develop a stage-discharge curve for the structure. For stormwater detention facilities,

this curve will normally be developed for discharges in cfs,

2. Develop a stage-storage curve for the structure. The storage will normally be

developed in acre-feet which will then be converted to cfs-hours in the working table,

3. Develop and plot the inflow hydrograph (refer to the Hydrology Manual),

4. Select the routing interval. The shorter the interval selected, the more precise will be

the results obtained.

5. Prepare the working curve. A table is prepared with the following headings:

For t = hr
Elevation Discharge, 02 Storage °2/2

Cft) (cfs) (AF) (cls-hrs) Ccfs)
S2/6. t S2/6. t + O2/2
(cfs) (cfs)

From the table, plot a working curve of 02 versus S2/ t + O2/2.

6. Prepare the operations table with the following headings:

• November. 1989

Time
(hrs)

Inflow
.1£fll.

I
(cfs)

S2/6. t + O2/2
(cfs)
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7: Tabulate times and rates of inflow and compute I (11 + 12)/2) values. •
8. Preform the routing procedures:

For routing, the previous 52/6. t + °2/2, becomes the new 51/6. t + °1/2, and the
discharge, 0, becomes 01' shown as follows:

9.

Time Inflow I 52/6. t + °2/2 °
(hrs) ..Mll. (cfs) (cfs) Cefs) Remarks
8.0 0 0 0 Given

0 Given
8.25 0 0 0 0-0+0=0

5 Given
8.50 10 5 2 O· 0+5=5

10 Given
8.75 10 13 5-2+ 10= 13, ie; _

(51/6.t + ° 1/2.°1 + I =
52/6. t + O2/2)

The routing is continued until the peak rate of outflow is determined.

Prepare a graphical representation of the inflow and outflow hydrography for each
flow analyzed.

A sample problem, which uses this routing procedure, follows.
•

8.7.2 Flood Routing Example

(Note to Workgroup: The following sample problem was taken from a 5C5 Pond Design
Manual for the Washington, D.C. Metro area. Please review for format. A sample problem
utilizing data appropriate for Maricopa County can be developed and presented in similar
fashion.)

•
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• Sample Problem

'1'0 flood route the principal spillway hydrographby the storage indication
method to determine the maximum discharqe ,maximum stage, and minimum
storaqe required.

Given:

'l'cok,-.;;·....'?~ "" ,n.."tt44 .f.llhJ; ..'f ~.u.~,..;;,~s:
Drainaqe Area • 200 acres cJ
Runoff Curve Number • 85
Rainfall • 10-year, 24-hour
'1'ime of Concentration ('lie) - 0.5 hours
Inflow Bydroqraph - Use attached tabular tables for developnent
of hydroqraph

Spillway Storaqe - Nor.mal pool elevation is 100.0

•

•

Elevation

100.0
100.5
101.0
101.5
102.0
103.0
104.0
105.0
106.0
107.0
108.0

Note: efs - hours = 12.1 Acre feet

Princ:it'al $t'illwav

OUtlet invert· 85.75
Inlet invert • 95.00
crest of weir = 100.00

Weir - 48" Dia. CMP
Pipe - 30" Dia. O{P - 70 feet long

surface Area
Acres

4.6
4.8
5.2
5.4
5.6
5.8
6.2
6.6
7.0
7.5
7.8
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SCS.MGT__ lilY. So1Ol
lfOaMllL' SCSo:lMel

Tallula, Comoutatlon.

Sample Protllt!illl

u. ~ Of''''MIN~ OJ 6IGlICUUUII
SOlI. CCNUI"6Il\QN SlIVICl
Sheet 1 of 10 •Inflow Hy~roqraph

Te • 0.50 HR. R.O•• 3.47" D.A. • 0.31255 S.M.

•

CFS • CSM/IN. R.O. (.31255) (3.47) • CSM/IN. R.O. (l.OS').
~.

I

Tillie ~.;'N. R.O CFS
(HRS.)

8.0 0 0 I
9.0 2 2.2 I

10.0 6 6.5

11.0 18 19.5 ~"O'Z!: : CSM/IN. R o. Value from

11.5 36 39;0 ~u1ar t Lb1es, pa e 5-9, ': -55

11.7 80 8S.7 I
11.8 166 leC

11.9 301 326 I
12.0 433 469 I
12.1 496 538 I
12.2 474 514

12.3 395 428

12.4 309 335 I
12.5 242 262 I I I
12.6 194 210 I I
12.7 158 171 I
12.8 130 141 I
12.9 109 118

13.0 94 102

13.2 75 81 I
13.5 57 62 I
14.0 43 47

14.5 36 39

15.0 31 33.6

16.0 25 27,.1 I
18.0 18 19.5

20.0 15 16.3

22.0 13 1~.1

24.0 11 11.9

26.0 0 0
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SCS·MGT... ClIV. So7OI.
IfOtMULY SC:SoJMOl

Tallula, Computation.

Sample Problem

Data for Elevation - Storage Curve

U. ~ CI'AITMINT OJ AGilCULTUlf
SOIL CONUIVAnON SUVlCf

!':hee<; 3 of 10 •

November, 1989

Avq. Oitf. I:lterval t
Surface Surface in Stor. Stor.

Elev. Area Area Elev. in
(Acres) (Acres) (Ft. ) (AC. Ft.) Ac. Ft.

100.0 4.6 0

4.7 0.5 2.35

100.5 4.8 2.4

5.0 0.5 2.5

101.0 5.2 4.9

5.3 0.5 2.65

101. 5 5.4 I 7.6

5.5· 0.5 2.75

102.0 5.6 I 10,4

I 5.7 1.0 5.7 I I
I I I

103.0 5.8 16.1 I

6.0 1.0 I 6.0 I
104.0 6.2 I I 22.1 I

6.4 1.0 6.4 I
105.0 6.6 I 28.5 I

I 6.8 l.0 6.8 I I I
106.0 7.0 35.3

7.25 l.0 7.25

107.0 7.5 42.6

7.65 1.0 7.65

108.0 7.8 50.3

I

I
I

8.56
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SCS·MGToAe IIllV. SJOi
IJORMUI.T SCSo:w.oI

Tallula, Computations

Sam~le Problem

Data for Elev~~ion -" Discharge CUrve

u. So DlP"ITMlNT OJ "GIICUI.TUII
SOlL CONSIlV"lION SUVlCl

Sheet 5 of 10 •

November. 1989

Outlet Invert • 8S.7S; Inlet Invert • 95.00; Crest of Weir· 100.00

Water Weir Iripe - 3:" Dia. I Itis:harge
Surface 48" :1a.. i OQ - 7: Ft. t:::ct :':1
Elev.

H Q H I Q I C.:.S.

100.0 0 0 13.0 0 0

100.S 0.5 13.8 13.5 69.1 13.8

101.0 1.0 33.0 14.0 70.4 I 3~.O

101.5 1.5 71.6 I 14.5 71. 7 71. 6

102.0 2.0 84.0 15.0 72.9 72.9

103.0 16.0 75.2 75.2

104.0 17.0 77.6 I 77.6

105.0 18.0 79.8 I 79.8

106;0 19.0 82.0 I 82.0

107.0 20.0 84.1 I I 84.1

108.0 21.0 86.2 I I 86.2!

I I I
I I
I I I

I
I

I

I

8.58
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SC1.MGTo4e IIEV. WGI
lfOlMEilLT SCSoJoooOl

Tallula, Computltlons

Sample Proglem

U. So. Ol'AUMINT 0' AGIICULTU.E
SOl CONSElVAnON $EIVIC!
Sheet 7 of 10 •Workinq Table tor'Preparation

of the Workins CUrve

•

Note: as - Hrs.- 12.1 Ac: Ft. .
Disc: • Storage For ~t - 0.5 Hr.

Elev. 02 S2 02/2 S2/~t S2/~t+02/

(as) lAc;. Ft. (as-Hrs) (as) (as) (CFS)

100.0 0 0 0 0 0 0

100.5 13.8 2.4 29 6.9 58 I 65

101.0 39.0 4.9 59 19.5 118 138

101.5 71.6 7.6 92 35.8 184 220

102.0 72.9 10.4 126 36.5 252 289

103.0 75.2 16.1 195 37.6 390 428

104.0 77.6 22.1 267 38.8 534 573

105.0 79.8 28.5 345 39.9 690 I 730

106.0 82.0 35.3 427 41. 0 854 895

107.0 84.1 42.6 515 42.1 1030 10i2

108.0 86.2 50.3 609 43.1 1218 1261

I
I

?1.ot Wo king Cut"' e 0, V5 s, + 0, I
lit 2

.. I

I

•

•
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SCS.MGT.... ClIV. So1OI
lfOlMllU SCSoJoW..

Tabular Comllutatioll.

Sample Problem

Routing 'By

II. So Ol'AUMINT OF AGIICUUUII
SOIL COHSIIVAlION SUVlCI
Sheet 9 of 10 •

November. 1989

________________________~S~t:o~ra;g.e~- Indication Method

I *
Time AV'q. for S2/~t+02 0

~1:) '2
(lirs.) (CFS) (CFS) (CFS)

8.0 0 0 0

8.5 0 0 0

9.0 1 1 0

9.5 3 4 0

10.0 5 9 1

10.5 9 17 3

11.0 15 29 6

11.5 27 50 11 I
12.0 140 179 55

12.5 510 634 78.5

13.0 155 710.5 79.3 + PEAK

13.5 , 78 I 709.2 79.2 I
14.0 53 683 79

14.5 41 645 78.5

15.0 35 602 78

15.5 30 I 554

16.0 27

Note: At Max. ~isc. (0) - 79.3,

52 + 02 • '710.5
'At' -:;

--52--_. 710.5 - 12..:1... 670.9f.t -- 2

52 • 670.9 (0.5) • 335.5 crs-Hrs.

5 • BU. 27.7 Ac. Ft.
12.1

* " .. , ,8 "T T • '4' _a....1 t' ....... t'),'" ...~,._."',;".. 'T .. 1'1.. ,., tin"" int rval - ee
infl )W hydroq aph, she et 2 of Ip.
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9.1

CHAPTER 9
PUMP STATIONS

INTRODUCTION

Stormwater pump stations are used where gravity discharge is infeasible or for metering flow
out ofdetention/retention facilities. When used independent ofa detention/retention facili;ty,
storage should be incorporated into pump station facilities to reduce the initial capital and
long-term operational costs of the pump station.

The actual design of pump stations involves several technical disciplines, and the approach to
the design is often dependent on the size of the facility and the consequences of any type of
system failure. A pumping facility failure serving a major interchange and adjacent major
development causing millions of dollars of damages demands greater reliability than a small
pumping facility that drains a detention pond with a 36-hour detention time and overflows
resulting in small increases in water depth of an adjacent street. It is the intent of this chapter
to provide only an overview of the conditions that should be considered in the design of
stormwater pumping facilities.

Stormwater pump stations may be either dry-pit or wet-pit facilities. In the latter type of
facility, the pumps are submersible-type and are located in a wet:.well. In the former type, the
pumps are located in a dry pump room and generally use a wet-well to modulate the incoming

flows (a form of storage). For small pump stations, the pump may be located in an inlet or a
manhole-type wet-well.

For a rigorous discussion of the design of stormwater pump stations, the designer is referred
to FHA's Manual for Highwav Stormwater Pumping Stations, Volumes 1 and 2.
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DEFINITIONS

Catch Basin - A chamber or well, usually built at the curb line of a street, for the admission
, ,of ~ug~~,e ,wale~i tqja.*~~~~wen or sub.:.rlr:am~, f:. : .

L .. ' ' 1 l:t· '. . • •. ~ t- \ ( .;. r ~ ~;"I 1\ ••','

,(I. ('i,' Jl.l 'B~~i~'A~~~_Th~i~;~~~hich)~~n~ri~ute: ~t~~~~ter to a point of interest such a lake, stream,

or drainage system.

Detention Facilities.'"-A-b,~sin~;Ql\re~ervoir,wbt}'reU1!W-ateris'stored for a relatively briefperiod
,: ':~ L,)' ': 9h~tt,:pa~t ,0f,~~bih;g,Je~a,in~d 'ulltil the ,downstream chanttefban safely carry the ordinary

s'>:;' ,;; 1
J
:,::0' '~.II~?~}1ii~"tb:~;:iej~e~~~ V1ffi.te;, ~,u~h:ba$in~F~suauY,-l'lave·'gi'aviiy-flow outlets without control
;";.',, gates an~(are used for flood regulation.

," .~ ,,,-.- ~ _ r~ ,,,:1 '::~l L~~'~:} ... ,<::J -:,t;~ ... '-~·.H·": JL'~ ~t"-1' ~.; ... ;. -

"f <, ?D~sign Fre·guenQr.; -I~'~fl~.lYs~'Qf.hydmlo.gidldatanhe reC1.UTenCe interval is simply called
r·tr~quericy..~~e ~~9.U~~~n~~~~~eIZYal.:<:\ ' , -~ < .

Pump Station -.A :faci,lity b.ousing:;:stormwatep:rpumps(eontrols, power plants and their
(;~iP,~U.~t~~~~e§,.' ,:' "~,,- :.) .~: '.;': i ;,.' ~i;. ';: ',' f ;', I" n.; ~ ... ;j ,

f,:'f.}(: . c:"" ..~~.: 1>;-," :•.lr.:

Recurrence Interval- The average time interval between actual occurrences of a hydrological

, . ,~vent o~ ~ .gi~eIl;pr~eater.}nagpit.llcle~<Eh-eperceht chance of 6ccur~,enceis the reciprocal of
~.r," ' J ''', ,fl~8dfreq~;};l9',ejg"ia~o.p~r~pt,:ehanceflood!isthe ~edprocalstatement ofa 50-year. Also
J'-' .. , ",.;" <"calfed return period, excedence interval, or ftequertt}P.';' .;'." ~

.'.

1(.,.(;' ;'

Retention B.asin -rf.:p~sm~or r~s.eJ'Y9iI:.,whereiriwat~isst6ied fOf regulating a flood, however,
:it doe~.not ,h,av~.,gravi,ty-;flqwPIJ~lets-foro:uttlows,fof.butf1o~S{Juring floods as detention basins
'do. Th~ st~re~f;at~r;.nu~t'be disposed by some other means such as by infiltration into soil,
injeet!on. (qr9ry) weij&, o~'P!-H}l.p.0g;sys.tems~ :c;') ijli ,~~... '; /:')'.:', . r .-
'·;:..~l,.L.;(. ;""" .. ' .... ".~ '~'.' .~:jc.£d ~, .... ;i:~} l~,,'"';;,"':'i~' , ,::J

Stora~e Reservoir of Pump Station - A reservoir wherein peak flows from storm drains are

«stor:e~.f~r ,~~?u~~ GaPf1c~tY,: re.q\;lir:~~entsd)fHhe: ptitnp! '-sh\t1on' tic pump runoff to an
ap"'"prop'"date outlet., ",' ," ,~:~~('" ;,~, "~l,-:": .... ~; ,

. '; "'!~.. " I \1 I' ", .' .,,)' " ;" .... ,: .'" .- • ~, ,

Storm praina~e Svstem - A ;~rain~g~',sys.termmr ool1eGfmg ·~tihoff of stbrmwater on highways
~"'f'; , and ~~rii~v~gitto' ;P,Pfopria-te q~~ts .. ,The system inCludes Wets, catch basins, storm sewers,

," )·'··trl3:in'diains. storage r~~~~oirs, detention basins and pump stations. :.
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Criteria

9.3

9.3.1

2'1".' ;. f· t; , " '.. , I C

DESIGN APPROACH
- ,. ..... . .~ ... ..•.•. _5': ¥ '~"" '.~ .~:~.old.

",,: : j1; ":J.it.,) ~lLz:.'· ..·.:. ~>~r:·" ~:,' ·_,·;~·.;'i·~·.~,,~ ..- t ' .

The design app~~ach add~eS&~ftW.e~conditi~S;?the'etlitefiatfli1hlfli{~~ ~bplied and a check
list of conditions that should be considered in the design of pumping fac.il;itie.~ (see Table 9.1).

f ~.~) ,11, !:1.\;.' t~::1,f :~:.:~.~~' "'b·:'\i.:.:~ell.i11~ ..
. ,i l' ,: • :'; ,':l "; jJ r:''hC'" If))<" ~.;' . •

..fn~j2·;:'·~ :)d:·~·~·:·l;.;,?ti ~O

The use of PUII,lping-f(,H~iUotj~&·isiltJStormwatei'<iscli§Cbttfag~(f~ndwi&be ,C~sidered only on

express agreem.~Ilt boy t\l~ j~Jlj~ctionaUageney.;· ..witl~ss~d~~~t~it~it~~J(l~,i~o.ictional agency,
the following criter-ia §b:9~<4.1he ·,appliedQ()ithe desigrf of'stor'mw(1t~r.tp~mp s!ations:

~~, . -' - .n'Jl d. ~.~.!:I:.;: ~,(" (it 10~. L~~..."a~ ,~':;B ~J:':' <... ': . \~.

1. The design frequency will meet the criteria for the base facili~ th~t, ~be pump facility
will serve, but 2ump~w:ill.be;design~f~rtirmfnirtl1iri{;of'~~50:Yehrte1Urnperiod. The

._ •.. ..... . ~ ... l "... . l~. , ,. l.··· ",,"i ~

capacity will be checked with the 2-yeat:~tld- ~e~yea('evehfs.· L ,.... '" ..

2.

3.

4.

5.

6.

7.

8.

November, 1989

. ~ ~~ " r ,r • ,,:,-./1: ..... ; ...:4
Pumping f~c~~~~c:luclin:g components;wIi&E{desigil ¥eqtii'r'es'''sublfiersion) will be
set at ~n~levationat or above the anticipated level of the'idcY!y~ii~knt,considering
that a total electrical power failure may occur.

• f' .....j • • ~ ~~~.: '...~ .. :;.~=~;~~ ~ ,~,:~:'
, c..~.\: 'L.:", ~ , -:'~~ i~ ~:;1.~:' ::l~ ...:"~~~-,,,rL :l~ .' ... , _._~-

The pro~isi~~,·;('·Jt~~·:"2).~o..:protect1bn 'aga1hsf'~w-er 'f~lliir~ rAriy.Qe ignored the
purpping facilit!~~ ~~ n<il.t'.p:6W:ere~U~y~teetf1Ci~ 6q9r'hvi~kih-l~tah¥rnate sources of
ele~tric power ar~:.l1t~ed:" ,:L, e:ni e:..·,·;~j:3;:i:e' :'.·C;tq ','::r ~ : " I

Pump~ ~tl(lY.9~;9ag,aW~to.fJaandlingIs~1ids:fO a-mtnin\tIm Bfskl~h~s. ·Co.rlsideration for
handling sm~~)L:~gij$.canb.emmdeUorpillripirtg facilitiefthaf s~~~ s~orage facilities.

•:: 'J J ;;~<- i;:i.'i· :i>'7' ::[,y,% ·Cl""jC::Jr.~;;f;", ~!~ -:....'::,.::.. ~.:>'li~.."I1:~:· .~:.::.~:~.:

Screening devices will not befn'Sed:at~:enthinc~rt3th~Lptiiri.Bstat1~ns. Grates will
be used on each catch basin. .'
..!' ... f'~'I-'~:; :.;{ 1: :rl:;;;,~' I ... ;i...:.. ;:~;:.JJ[:\j;:(! }~ ~:::.=~. ~' .. ~L1:.1!~

ReBu~~ ;~~;.~~~ :include· i~t6taPdYnalliic "h~att~~5 'i{~'tl pcid~~t~~'~~~~~tion head, 3)
head capacity'cunres (parallel operation), and 4) masS·;f'lb:W't·uAres'.... ,.

CQp.tro~ ..:'¥¥J. ?p;J.1Q¥id.e.1ffu!~!aUto()matk: ;'and 'riuil'lititff'9l?~~~~~l::~~d will have

com~u~icationS;i~n'rPetlmit:tr~rIii~~ .~,~:!u!.e~~i¥_n%il§r~~;~~~~~~~ed reporting
locatlon~~ :.;2 ~'r"';L) .. r:'Y .::' .. .:! C'·: L; :;E.•J '.~ HO·· :.7~.'. .. .• , .

A potable water supply with back-tlowprevention and hose bibswill be provided to aid
in removal of silt and trash.
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'~~,:.,-''''':'.f'': .'.
'·:I:;ifr~Contfi~uting.BWn··.

],,/':~~.~~;.\:: : ~lAn0i:.aYdrographs·J';
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