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Purpose

The objective of the Drainage Design Manual for Maricopa County, Volume II,
Hydraulics, is to provide criteria and design guidance for storm drainage facilities
in Maricopa County. There are two reasons to develop such amanual: 1) it provides
a convenient source of technical information that is specifically tailored to the
unique hydrologic, environmental, and social character of Maricopa County; and
2) it provides a consistent set of criteria that, when used by the local governing
agencies and the land development community, will result in uniform drainage
practices throughout the county. Use of Volume II of the Drainage Design Manual for
Maricopa County will result in improved hydraulic performance of drainage
facilities, uniformity in design practices across jurisdictional boundaries, and reduc-
tion of conflict between the regulatory agencies and the land development com-
munity. Although they have not yet been adopted by any regulatory agency,
regulation requirements have been highlighted by using a ruled box, for example:

This is how a regulation requirement will be highlighted in this manual.

This manual was produced by a team of consultants under contract to the Flood
* Control District of Maricopa County. Beginning in 1987, the manual was developed
through a highly interactive process involving work groups for each major topic.
The work groups were composed of the engineering consultant, the Flood Control
District, representatives of the various communities in Maricopa County, and
representatives of home builders and land developers. The work groups were
charged withadvising the consultantaboutapplicability of technical criteria, special
problem areas to be addressed, and resolving conflict over potential differences in
drainage standards between communities.
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Scope

Scope

The Drainage Design Manual for Maricopa County, Volume II, Hydraulics, is divided
into nine chapters that address the major subject areas of hydraulic design. The
authors’ intention was to provide general design guidance for designs that are
common to the Maricopa County environment. Complex designs requiring specific
expertise are not included in this manual; however, where design exceeds the scope
of this manual, the reader is referred to documentation appropriate for that design.
The remainder of this manual is summarized briefly herein.

Hydrology

Chapter 2 provides an overview of the hydrology criteria for drainage structures;
the flood hydrology that is recommended for use in Maricopa County is contained
in Volume I of the Drainage Design Manual for Maricopa County. That procedure
provides for the use of the Rational Method for small, uniform watersheds, and for
use of the U.S. Army Corps of Engineers” HEC-1 Flood Hydrology Program for
larger watersheds with diverse surface conditions. The procedure provides design
rainfall criteria that has been developed specifically for Maricopa County, rainfall
loss methods that are based on the best practical technology that is available for
estimating surface retention losses and infiltration rates, and unit hydrograph
procedures that have been selected and developed for the various land-uses in
Maricopa County.

Street Drainage

Chapter 3 provides design guidelines for the drainage of streets using curbs and
stormdrain inlets. An overall approach to storm 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. Design criteria, design procedures,
and design aids are provided for streets and gutters, intersections, and roadside
ditches. Catch basins are discussed in regard to alternatives and suggested applica-
tions, capacities, and design procedures.

Closed Conduits

Chapter 4 provides complete coverage of two major topics: storm sewers and
culverts. A comprehensive treatment of storm sewers is provided including exten-
sive use of design aids for catch basins, manholes, and various types of storm sewer
junctions. All information for the design of culverts is provided. This includes the
necessary designaids, guidance for treatment of culvert inlets and outlets, and scour
protection at the culvert outlet. Extensive use of many detailed examples clearly
illustrate the procedures to be used for most practical applications.

Open Channels

Chapter 5 is devoted to the analysis and treatment of both natural and artificial
channels. The scope of this chapter 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




Introduction

contained in this chapter. A simplified design procedure is presented that provides
an appropriate level of analysis for most design problems that will be encountered
for artificial channels. The simplified design procedure assumes a rigid channel,
and the procedure is valid for both subcritical and supercritical flows. Channel
linings of concrete, soil cement, riprap, wire enclosed rock (gabion), and grass are
discussed in the manual. The analysis of natural channels is discussed in broader
terms than is the treatment of artificial channels. Although the basic theory is the
same for both channel types, more complex flow conditions (nonuniform and
unsteady flow) and concepts of sediment transport often need to be incorporated
in the analysis of natural channels.

Hydraulic Structures

The hydraulic structures that are described in Chapter 6 are used to control or alter
the flow characteristics, such as velocity, depth, energy, and so forth, and to affect
a change in the configuration of an open-channel, such as channel slope. The
purpose of such structures is to achieve a safer, more stable, and improved main-
tainability of conveyance systems. Channel drop structures are a major topic of this
chapter and guidance is provided for the design of baffle chute drops, vertical hard
basin drops, vertical riprap basin drops, sloping concrete drops, and low flow check
structures. Information is provided for the dissipation of energy at conduit outlet
structures with emphasis on riprap protection for outlets with moderate flow
conditions and concrete structures for more severe conditions. Guidance is
provided for the design of channel transitions, supercritical flow chutes, and bends
in supercritical flow. The manual provides instruction in the theory and use of the
hydraulic jump as a means of energy dissipation. The design of various, appropriate
hydraulic jump energy dissipators is included.

Bridges

Thedesign of bridges requires special training and experience in regard to hydraulic
analyses, design of flow training works, and estimates of pier and abutment scour.
Therefore, Chapter 7 is intended to present an overview of the hydraulic analyses
for bridge openings over open channels. There is also a general discussion of scour.

Detention and Retention

Detention and retention basins are man-made storage facilities that are intended to
mitigate the effects of urbanization on storm drainage. They serve to reduce peak
discharges and can also reduce the volume of storm runoff downstream of the basin
under certain conditions. Chapter 8 presents the engineering methodologies and
details associated with the planning, analysis, and design of detention and retention
facilities. Since detention and retention basins often require a considerable commit-
ment of land resources by the community or land developer, particular emphasis
is placed on planning basins that are amenities, and, where possible, incorporate
multiple-use concepts. National storm water quality standards are being promul-
gated and criteria for use of detention and retention basins that will not jeopardize
the quality of surface water and ground water resources are presented. Safety
concerns of such facilities are detailed along with the means to enhance safety. The
theory and procedure for performing routing of an inflow flood through such
facilities is provided along with a detailed example of the calculations.
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Pump Stations

Stormwater pump stations are used where gravity discharge is infeasible, such as
depressed highway intersections, or for the controlled release of outflow, such as
from a detention or retention facility. The criteria for use of pump stations in
Maricopa County are provided in Chapter 9, however, the intent is to provide only
an overview of the conditions that should be considered in the design of stormwater
pumping facilities. Reference to another readily available document for the rigorous
design of stormwater pump stations is also provided.

November 1991



The determination of flood hydrology for designing stormwater facilities in Maricopa
County is to be performed according to the procedures set forth in the Drainage Design
Manual for Maricopa County, Volumel, Hydrology (hereinafter referred to as the Hydrology
Manual). Deviations from the procedures in the Hydrology Manual require prior ap-
proval from the jurisdictional agency and/or the Flood Control District of Maricopa
County before proceeding with the determination of design hydrology. However, it is
not the intent of the Hydrology Manual to inhibit sound, innovative analysis, or the
utilization of superior technology, or the development of improved techniques. There-
fore, the investigation, development, and use of the best practical technology for flood
hydrology is strongly encouraged in all situations.

The selection of the procedure to be used to define the design flood hydrology is
dependent upon the intended application. For small urban watersheds (defined as
less than 160 acres and having fairly uniform land use), the use of the Rational
Method is acceptable. Use of this method will only produce peak discharges and it
should not be used if runoff volume or a complete runoff hydrograph is needed,
such as for routing through detention/retention facilities. For larger, more complex
watersheds or drainage networks, a rainfall-runoff model should be developed. The
Hydrology Manual provides guidance in the development of such a model and the
estimation of the necessary input parameters to the model.

Although not necessarily required, the use of the U.S. Army Corps of Engineers’ HEC-1
Flood Hydrology Program facilitates the use of the procedures that are contained in
the Hydrology Manual, which was written to supplement the HEC-1 Users Manual.

All of the hydrology that is required for the design of stormwater drainage facilities that are
normally encountered can be performed by using the HEC-1 program; this includes the
routing of flood hydrographs through detention/retention structures. The design and
performance of pump stations cannot normally be satisfactorily performed using the
simplified procedures that are incorporated into the HEC-1 program. Although the inflow
hydrograph to a pump station can be adequately developed with HEC-1, the performance

and design of pump stations will often require the use of specialized programs.
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Criteria

The Hydrology Manual can be used to develop design hydrology magnitudes for
storms of frequencies up to and including the 100-year event. The design storm is
of 6-hours duration and is to be used for the design of stormwater drainage facilities
except for detention/retention facilities. According to the Uniform Drainage Policies
and Standards for Maricopa County, Arizona (25 February 1987), all development shall
make provisions to retain the peak flow and volume of runoff from rainfall events
up to and including the 100-year, 2-hour duration storm falling within the boun-
daries of the proposed development. The criteria to be applied to the 2-hour storm
is provided in the Hydrology Manual. Table 2.1 outlines the minimum hydrology
design criteria for drainage features.

Master Drainage Planning

According to the Uniform Drainage Policies and Standards for Maricopa County,
Arizona, master drainage planning shall be done in the earliest stages of the planning
process. A master drainage plan incorporates the hydrological analysis for on-site
and off-site runoff and outlines the recommended plan for drainage and the course
of action for implementation.

Master drainage planning can be encountered on both basin-wide and local scales.
When undertaking a basin-wide plan, the designer must comprehensively evaluate
practical alternatives to find the most cost-effective solution for the general public.
Modifications can result from land-use driven decisions that are more 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
shall demonstrate that the plan will not increase extraordinarily the cost of provid-
ing basin-wide drainage for the local agency or the District.

The master planning process begins with the conceptual layout of the drainage
system, which includes both large and small drainage facilities. All drainageway
entrance and exit points in the proposed development must remain in the original
location and—as near as possible—in the original condition. 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.

Master plans illustrate selected alternatives, including the footprint of facilities or
land uses, approximate sizes, and physical impact on the land. General require-
ments for structures and their overall size and impact are also determined during
the master planning phase; however, detailed selection of structure types, sizing of
riprap, structural design, and selection and detailing of peripheral elements (inlets,
trash racks, fencing, etc.) are completed in later phases using the criteria outlined
in this manual.
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Table 2.1
Hydrology Design Criteria
Peak Frequencies
Drainage Feature 10 Year 50 Year 100 Year

Street with Curb and Gutter Runoff contained within N/A Runoff to be contained

street curbs. below the finished floor of
building.

For collector and arterial

streets one 12-foot dry Qmax = 100 cfs

driving lane must be Vmax = 10fps

maintained in each dmax = 8inches above

direction. the centerline of the

street.

Street without Curb and Gutter | Runoff contained within N/A Same as Street with Curb
the roadside channels with and Gutter.
the water surface elevation
below the subgrade.

Street with Storm Drain System | Pipes or roadside N/A Storm drains are used if
channels are added if the 100-year runoff inundates
10-year runoff exceeds the building’s first floor.
street capacity.

Cross Road Culvert for N/A Runoff to be conveyed by | Runoff to be conveyed by

Collector and Arterial Streets culvert under road with no | culvert and by flow over

flow overtopping the road. | the road with maximum
6-inch flow depth over the
Vmax = 15fps road.
Viin = 2.5fps

FEMA Floodplain Channell ) | N/A N/A 100-year peak storm

Channel to Convey Offsite Flow | N/A N/A 100-year peak storm

Through Development

Finish Floor Elevation for N/A N/A Minimum finish floor

Buildings within a FEMA elevation to be 1 foot

Floodplain Area above the floodplain water

surface elevation.

Finish Floor not in a FEMA N/A N/A The finish floor will be free

Floodplain from inundation for the

100-year peak storm event.

Retention Basin N/A N/A 100-year 2-hour storm for

determining on-site
retention volume.

(1) Per ARS 48-3609.A, during the course of the Master Planning process, the 100-year runoff will be used to delineate a
floodplain for major channels with discharges of more than 1,000 cfs and will be processed through the local government,

ADWR, and FEMA.
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This chapter provides design guidelines for the drainage of streets using curbs and
stormdrain catch basins.

Definition of Symbols

The following symbols will be used in equations throughout Chapter 3.

N&vember 1991

a Gutter depression, inches

A Clear area of opening, ft?

Ag Clear area of the grate, ft?

Co Orrifice coefficient = 0.67

Ciw Weir coefficient

d Depth at curb measured from the normal cross slope, ft (i.e., d = TSy

dj Depth at lip of curb opening, ft

do Effective depth at the center of the curb opening orifice, ft

Eo Ratio of flow in the depressed section to total gutter flow

Fr Reduction Factor (see Table 3.2)

Fs Gutter capacity reduction factor (see Figure 3.4)

g Gravity, 32.2 ft/ s?

h Height of curb opening catch basin, curb opening orifice, or orifice
throat width, ft

L Length of curb opening, grate, or slot, ft

Lt Curb opening length required to intercept 100 percent of the gutter

flow, ft

n Manning’s roughness coefficient (0.016)

P Perimeter of the grate, disregarding bars and side against the curb, ft

Q Total gutter flow

Qcap Allowable flow rate per gutter, cfs




Streets

Q = Theoretical gutter carrying capacity

Qw = Flow in width W, ft° /s

S = Longitudinal street slope, ft/ft

Sw = Cross slope of the gutter relative to the cross slope of the pavement
Sx = Pavement cross slope (a/12W), ft/ft

T = Allowable spread, ft

\Y = Velocity of flow in the gutter, ft/s

Vo = Gautter velocity where splash-over first occurs (see Figure 3.27, page 50)
W = Width of depression, depressed gutter or grate, or slot, ft

y = Depth of flow, ft

z = Reciprocal of the pavement cross-slope, ft/ft

Streets

Urban streets with curbs and gutters serve as 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 catch basins
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 drain system in
newly urbanized areas.

An overall approach to storm runoff management includes using the street system
to transport runoff to catch basins and to transport runoff from storms that are
greater than the storm drain capacity.

Freeways and similar types of roadways are not addressed in this manual.

3.2.1 Design Criteria for Streets and Gutters

3.21.1 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.

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 catch basins at points where maximum depth or driving lane inunda-
tion criteria are reached.
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Storm drain 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 drain system design for the 10-year storm may
not meet the criteria stated for the 100-year storm. Storm drains 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.

3.2.1.2 Pavement Encroachment: The following sections present specific design
requirements for storm drainage on urban type streets for the design storm. 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:

1. Pavement encroachment and depth for computed theoretical flow conditions.

2. Anempirical reduction of the theoretical allowable rate of flow to account for
practical field conditions.

The storm drain system should commence at or prior to 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.

3.2.1.3 Theoretical Capacity: 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
in Figure 3.2 or as expressed in Equation 3.1:

0 = [Onjj SL67 05 1267 (3.1)

Table 3.1
Design Storm Frequencies for Street Drainage(!)
Longitudinal Street Flow Event
No curb overtopping. Maintain one dry 12-foot driving lane in 10 year(z)
each direction for collector and arterial streets.
Flow to be calculated assuming contained between buildings 100 year
with: 100 cfs maximum flow.
10 fps maximum velocity.
Maximum 8 inches above centerline recommended.
(1) Nonew inverted crown streets.
(2)  2year for City of Phoenix.
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Streets

322

Equation 3.1 can also be expressed as:
Q; = 0.56 (%] g

Typical gutter configurations from MAG are shown in Figure 3.3. Figure 3.2 may
be used for all gutter configurations. To simplify computations, graphs for par-
ticular street shapes may be plotted.

Ann value of 0.016 shall be used for street flow unless special considerations exist.

3.2.14 Reduction Factors: The gutter capacity from Figure 3.2 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, the flow diverted out of the
gutter will 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 3.4. Dis-
charge curves can be developed for standard streets by plotting the solution of the
following equation (Qcap vs. S) for arange of longitudinal slopes with the applicable
gutter capacity reduction factor from Figure 3.4 applied to the theoretical discharge
computed for each slope.

. Qeap = Fsx Q¢ (3.2)

3.2.1.5 Transition at Curb and Gutter End: Wherecurband gutter sections end,
care must be taken to transition the gutter flow into the receiving ditch or channel
to prevent scour. When the flow encounters a widening in the channel cross section,
it spreads at approximately 4:1 (longitudinal to transverse). A concrete or rock
riprap 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.

Design Criteria for Intersections

Figure 3.5 is a typical illustration of the 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.

When collector and arterial streets intersect, the grade of the more major street
should be maintained as much as possible. For drainage purposes, no formof valley
gutter should be constructed across an arterial street.
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Streets

Conventional valley gutters may be used to transport runoff across local streets
when a storm drain system is not required and when approved by the governmental
agency. The valley gutter should be sulfficient to transport the runoff across the
intersection with encroachment equivalent to that allowed on the street. Infrequent-
ly, with agency approval, valley gutters may be considered on collector streets.

3.2.21 Theoretical Capacity: The theoretical carrying capacity of each gutter
approaching an intersection shall be calculated based upon the effective slope, as
outlined herein.

Continuous Grade Across Intersection: When the gutter slope will be continued
across an intersection—as when valley gutters are in place—use the slope of the
gutter flow line crossing the street to calculate capacity.

Flow Direction Change at Intersection: When the gutter flow must undergo a direc-
tion change at the intersection greater than 45 degrees, 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 by 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.

3.2.22 Allowable Capacity: The allowable carrying capacity for gutters ap-
proaching an intersection shall be calculated by applying the reduction factor found
in Figure 3.4 to the theoretical capacity. The grade used to determine the reduction
factor shall be the same effective grade used to calculate the theoretical capacity.

Special Considerations for Business Areas and Heavily-used Pedestrian Areas: Inhighly
concentrated business areas where large volumes of pedestrian traffic are likely,
consider using walk-over curbs (where the pavement grade is raised to match the
curb elevation at the crosswalk) at intersections. If used, however, two catch basins
would be required at nearly every corner as flow may not be allowed to continue
around the 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, requiring a minimum of one water-free travel lane
in 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. Designing for
pedestrian traffic is as important as designing for vehicular traffic. Ponding water
and gutter flow wider than two feet is difficult for pedestrians to negotiate.

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
difficult.

November 1991



Street Drainage

Althoughnota 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 catch basins
to intercept flow before it reaches intersections. Generally, storm drains should be
installed in these areas even if other criteria do not so indicate.

3.2.3 Design Criteria for Roadside Ditches
Roadside ditches are commonly used in rural areas to convey runoff from the
highway pavement, and from areas which drain toward the highway. Where
practicable, the flow from major areas draining toward curbed highway pavements
should be intercepted by ditches.

The following criteria pertain to the design of open channels along roadsides. For
additional criteria for open channels, see Chapter 5.

3.2.3.1 Permissible Use: Roadside ditches adjacent to public streets are dis-
couraged in urban areas and require approval from the governing municipality.
When they are allowed, adhere to the criteria outlined in this section.

3.2.3.2 Street Capacity for the Design Storm: Depth of flow in roadside ditches
for the design storm shall be limited to preclude saturation of the adjacent roadway
subgrade. Where curbs exist and roadside ditches are used in lieu of storm drains,
catch basins 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.

3.2.3.3 Geometry: Geometric considerations in the design of channel cross-sec-
tions should incorporate hydraulic requirements for the design discharge, safety,
minimization of right-of-way acquisition, economy in construction and main-
tenance, 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 permit. 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. Safety considerations are subject to the requirements
of the local jurisdiction.

Trapezoidal channel bottoms should be a minimum of 4-feet wide for maintenance
purposes. V-shaped channels may also be used when approved by the governing
municipality.

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.
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Figure 3.6
Crown Ditch
(Hillside Cuts Only)

3.2.34 Rural Crown Ditch: In mountainous terrain where large cuts are re-
quired, 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 in Figure 3.6.

Catch Basins

Proper surface drainage of streets and highways may require intercepting excess
flows with stormwater catch basins. A stormwater inlet or catch basin is an opening
into a storm drain system to permit entrance of surface storm runoff. The most
upstream catch basin in the system should be placed as far downstream as possible,
because as soon as the runoff enters the pipe system, it is carried rapidly
downstream which tends to reduce the time of concentration. The placing of catch
basins is dictated by street encroachment and flow depth criteria (see Table 3.1).

3.3.1 Catch Basin Types
There are four categories of catch basins:

» curb opening catch basins
» grated catch basins

» combination catch basins

» slotted drain catch basins

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.
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‘ 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.

Two or more catch basins placed close to each other may act as one hydraulic unit.

3.3.1.1 Curb Opening Catch Basins: Curbopeningcatchbasins (Figure3.7a)are
best for use when a sump condition exists. Although a curb opening catch basin will
not guarantee against plugging by debris, 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 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 Maricopa
Association of Governments (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. Therefore,
curb opening catch basins that are 5 feet long or less are not recommended on
continuous grades. Longer catch basins can be quite efficient, however, and should
be considered for use on streets with slopes up to 1.0 percent.

3.3.1.2 Grated Catch Basin: ‘Grated’ or ‘gutter’ catch basin refers to an opening
in the gutter covered by one or more grates through which the water falls (see Figure
3.7b). 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.

When grated catch basins are used, the engineer should design them to optimize
hydraulic efficiency, bicycle and pedestrian safety, structural adequacy, economy,
and freedom from clogging (see Combination Catch Basin, below, for recommenda-
tions).

3.3.1.3 Combination Catch Basin: A combination catch basin is composed of a
curb opening and a grated catch basin acting as a unit (see Figure 3.7c). 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, the combination catch basin is the most efficient
type of stormwater catch basin for hydraulic interception capabilities and eliminat-
ing debrisclogging. Permissible combination catch basins are contained in the MAG
Standard Details. Other details must be approved by the governing municipality.

3.3.14 Slotted Drain Catch Basins: A slotted drain (Figure 3.7d) is a slot open-
ing in the pavement which intercepts sheet flow and conveys it through a cor-
rugated steel pipe. Slotted drains are most effective when street slopes are shallow.
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Figure 3.7
Catch Bagjng
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Catch Basin Applications
The following general recommendations are made for different types of stormwater
catch basins.

3.3.21 Sump Conditions

True Sump: Depressed curb opening catch basins are recommended for true sump
conditions. 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 by Crown Slope of Cross-Street at Intersection: Curb opening catch
basins are recommended for these conditions, although combination catch basins
may be used successfully. 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.

3.3.2.2 Continuous Grade Conditions: Curb opening catch basins should be
used on continuous grades, unless otherwise approved by the governing
municipality. Inlet spacing should be limited to a maximum of 660 feet for collection
of nuisance flows.

3.3.2.3 Shallow Sheet Flow Condition: Slotted drains may be used as permitted
by the governing municipality.

3.3.2.4 Large Inlet Inflows: In areas where large inflows are admitted into the
storm drain 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.

Allowable Catch Basin Capacities

The reduction factors outlined in Table 3.2 should be applied to the theoretical
calculated capacity of catch basins based upon their type and function. The reduc-
tion factors compensate for effects which decrease the capacity of the catch basin
such as debris plugging, pavement overlaying, and in variations of design.

The allowable capacity of a catch basin should be determined by applying the
applicable factor from Table 3.2 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
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3.3.4

2

Table 3.2
Reduction Factors to Apply to Catch Basins, Fg
Condition Inlet Type Theoretical Reduction Factor, Fp
Sump Curb Opening 0.80
Sump Grated 0.50
Sump Combination 0.65
Continuous Grade Curb Opening 0.80
Continuous Grade Longitudinal Bar Grate 0.75
Longitudinal Bar Grate with recessed
transverse bars 0.60
Continuous Grade Combination'” Apply factors separately to grate and
curb opening and combination
Shallow Sheet Flow® | Slotted Drains 0.80

(1)  See Section 3.3.4.3, Combination Catch Basins.
(2)  Slotted drains are most effective for shallow sheet flow conditions. With greater depths and flows, a
different type of inlet should be used.

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.

Design Procedures

Figures 3.9 to 3.19 (pages 32 to 42) are capacity curves for standard catch basins.
When designing a nonstandard catch basin, use the equations and procdures out-
lined herein. The approval of the governing municipality should be obtained before
designing a nonstandard catch basin. The procedures and equations in this section
are adapted from the Federal Highway Administration Hydraulic Engineering
Circular No. 12 (HEC-12), Drainage of Highway Pavements (FHWA, 1984). Refer to
Section 3.1 for definitions of coefficients used in the following equations.

3.3.41 Curb Opening Catch Basins

On-Grade: 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 as:

1 P (3.3)
nSxJ

Ly = 0,60 %42 503 [_

The efficiency of curb opening catch basins shorter than the length required for total
interception is:

18 6.9
B _(1 _@]
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Figure 3.20 (page 43) is a nomograph for the solution of Equation 3.3; Figure 3.21
(page 44) 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 using
an equivalent cross slope, S, in Equation 3.5.

Se = Sx + Sw, Eg (3.5)

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:

Ly = 0.60 %2503 (%56)0.6 (3.6)

Equation 3.4 is applicable with either straight cross slopes or compound cross
slopes. Figures 3.20 and 3.21 are applicable to depressed curb opening catch basins
using Se rather than Sy.

Equation 3.5 uses the ratio E, in the computation of the equivalent cross slope, Se.
Figure 3.22 (page 45) can be used to determine spread, and then Figure 3.23 (page
46) can be used to determine E,.

Sumps: 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 for depths of water up to the curb opening height and
as an orifice at depths greater than 1.4 times the opening height. At water depths
between 1.0 and 1.4 times the opening height, flow is in a transition stage.

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:

Qi = Cyp (L+1.8W)d 1° (3.7)

where C,, =2.3.
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The weir equation is applicable for water depths at the curb less than or ap-
proximately 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:

dSh-l-E

Experiments have not been conducted for curb opening catch basins with a con-
tinuously 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:

Qi = Cp Ld 15 (3.8)
The depth limitation for operation as a weir becomes: d < h.

Curb opening catch basins operate as orifices at depths greater than approximately
1.4h. The interception capacity can be computed by Equation 3.9:

Qi = C, hL (2gd,)"° (3.9)

Equation 3.9 isapplicable 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. Asillustrated
in Figure 3.8, other orifice throat locations can change the effective depth on the
orifice and the dimension (dj — 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 3.8) is:

Q = C, hL (2gd,)"° (3.10)

Figure 3.24 (page 47) provides solutions for Equations 3.7 and 3.9 for depressed curb
opening catch basins, and Figure 3.25 (page 48) provides solutions for Equations 3.8
and 3.9 for curb opening catch basins without depression. Figure 3.26 (page 49) is
provided for use for curb openings with inclined or vertical orifice throats.

3.3.4.2 Grated Catch Basins

On-Grade: Grated catch basins intercept all of the frontal flow until “splash over” (the
velocity at which water begins to splash over the grate) is reached. At velocities greater
than splash over, grate efficiency in intercepting frontal flow is diminished. Grates also
intercepta 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.
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The ratio of frontal flow to total gutter flow, E,, for a straight cross slope is:

O WY (311)
-G

Figure 3.23 provides a graphical solution of E, for either straight cross slopes or
depressed gutter sections.

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

Q
9~ '"0

The ratio of frontal flow intercepted to total frontal flow, Rg, is expressed:

Qo _ (3.12)

Rf = 1-0.09 (V V) (3.13)

This ratio is equivalent to frontal flow interception efficiency. Figure 3.27 (page 50)
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 3.27 is total gutter flow divided by the area of flow.

The ratio of side flow intefcepted to total side flow, R, or side flow interception
efficiency, is:

(3.14)

Figure 3.28 (page 51) provides a solution of Equation 3.14.

A deficiency in developing empirical equations and charts from experimental data
is evident in Figure 3.28. 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:
E = RfE, +Rs (1-E,) (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 termis 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 flow:

Qi = EQ = Q [Rf E, + Rs (1~ Eo)] (3.16)

Sumps: 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
ponding conditions. Grate catch basins alone are not recommended for use in sump
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:
03 = Cp P 1° (3.17)

where Cy, = 3.0

The capacity of a grate catch basin operating as an orifice is:
Qi = Co A (2gd) i

Use of Equation 3.18 requires the clear opening area 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 3.29 (page 52) 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.

3.3.4.3 Combination Catch Basins

On-Grade: 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 combina-
tion 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
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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.

Sump: Combination catch basins consisting 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 3.29 can be used for weir flow in combination catch basins
in sump locations. Assuming complete clogging of the grate, Equations 3.7, 3.8, and
3.9, or Figures 3.24, 3.25, and 3.26 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:

Qi = 0.67 Ag(2gd)"® + 0.67hL(2gd )’ (3.19)

Trial and error solutions are necessary for depth at the curb for a given flow rate
using Figures 3.29, 3.24, and 3.25 for orifice flow.

3.3.4.4 Slotted Drain Catch Basins

On-Grade: Wide experience with the debris handling capabilities of slotted drain
catch basins is not available. Deposition in the pipe is the problem most commonly
encountered; however, the catch basin is accessible for cleaning witha high pressure
water jet.

Slotted drain 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 drain catch basins and curb opening catch basins is
similar 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 HEC-12 tests of
slotted drain catch basins with slot widths greater than or equal to 1.75 inches
indicates that the length of the slotted drain catch basin required for total intercep-
tion can be computed using Equation 3.3. Figure 3.20 is therefore applicable for both
curb opening catch basins and slotted drain catch basins. Similarly, Equation 3.4 is
also applicable to slotted drain catch basins and Figure 3.21 can be used to obtain
the catch basin efficiency for the selected length of the catch basin.

Using Figures 3.20 and 3.21 for slotted drain catch basins is the same as using them
for curb opening catch basins. It should be noted, however, that it is much less
expensive to add length to a slotted drain catch basin to increase interception
capacity than it is to add length to a curb opening catch basin.

Sump: Slotted drain 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
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interception capacity of a slotted drain catch basin operating as an orifice can be
computed by Equation 3.20:

Q; = 0.8LW(2gd)*® (3.20)

where: d = depth of wateratslot, ft d 2> 04ft

For a slot width of 1.75 inches or greater, Equation 3.20 becomes:

Qi = 0.94Ld *° (3.21)

The interception capacity of slotted drain catch basins at depths between 0.2 and
0.4 feet can be computed by using the orifice equation. The orifice coefficient varies
with depth, slot width, and the length of the slotted drain catch basin.

Figure 3.30 (page 53) provides solutions for weir flow, Equation 3.21, and a plot
representing data at depths between weir and orifice flow.

3.3.5 Design Aids

The following inlet capacity curves have been developed using procedures set forth
in HEC-12 and are to be used for selecting Standard MAG inlets for pavement
drainage design in Maricopa County. The curves are developed for a street cross
slope of two percent and do not include reduction factors to account for plugging.
The reduction factors contained in Table 3.2 should be applied to the theoretical
catch basin capacity from the curves to obtain the interception capacity used for
design.

Additional design aids are included from HEC-12 for determining the interception
capacity of inlets that do not have curves provided.
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(source: FHWA, 1984, HEC-12)
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Grate Inlet Capacity in Sump Conditions
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Slotted Drain Inlet Capacity in Sump Locations
(source: FHWA, 1984, HEC-12)
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Closed

This chapter provides guidelines for the design of storm drains and inlets, culverts,
syphons, and entrances and outlets for conduits.

Definition of Symbols

The following symbols are used in equations throughout Chapter 4.

. Bg = Angle of the grate with respect to the horizontal, degrees
0; = Angle of the lateral with respect to the outlet conduit, degrees
p = Fluid density, Ib/ 3
Te = Critical tractive shear stress, 1b/ ft2
a = Angle of approach, degrees (see Figure 4.36, page 131)
A = Area of the barrel, £t
G = Overtopping discharge coefficient
D = Culvert or pipe diameter or depth, ft

Dimensionless Scour Geometry = hg/ye, Ws/ye Ls/ye, 01 Vs/ye
(hs, Wg, Ls, and V;s are, respectively, depth, width,
length and volume of scour, and ye is the effective conduit

flow depth)
F = Froude number of flow at the culvert outlet
F* = Factor used to account for the effects of plugging by debris.

Figure 4.72 (page 174) can be used to determine F*
for 50 percent plugging based on w/x.

g = Acceleration due to gravity, 32.2 ft/ sec?
Hp, = Head loss through a bend of a culvert
Hg = Head loss through a trash rack
‘ H;j =  Head loss through the junction in the main conduit, ft

Hi = Head loss due to turning the flow, ft




Storm Drains

Hy1 — Velocity head in the upstream conduit, ft

Hyp = Velocity head in the downstream conduit, ft
subscripts 1,2, and 3 refer to the upstream pipe, the outlet pipe,
and the lateral pipe, respectively

HW, = Flow depth above the roadway, ft

Kg = Dimensionless bar shape factor, equal to:
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

K¢ = Submergence factor

L = Actual culvert length, ft

L1 = Adjusted culvert length, ft

Ls = Length of the roadway crest along the roadway, ft

Lan = Length of scour basin, ft

n = Manning n value (from the outlet control chart)

ni = Desired Manning value

Q = Rate of flow, cfs

Qo = Overtopping discharge, cfs

t = Time, in minutes

to =  Base time used in the experiments to derive coefficients (316
minutes unless specified otherwise).

\ = Velocity, fps

Vo = Outlet mean velocity, fps

vy Ty = Modified shear number, it v Ib-s>

Va =  Approach channel velocity, fps

Vu = Spproach velocity, fps

w Maximum cross-sectional width of the bars facing the flow, ft

X Minimum clear spacing between bars, ft

y = Change in hydraulic grade line through the junction, ft

Storm Drains

In this manual, storm drain system 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 and into a major or regional drain outfall.

Storm drain system design is based on the design storm. The design storm is the
storm associated with the governing return period from Table 3.1 (page 11). In the
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upper reaches of a system the 10-year criteria will govern. Farther downstream in
the system, the storm drain system design for the 10-year storm may not meet the
criteria stated for the 100-year storm. Storm drains 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.

42,1 Interaction of Storm Drain Systems with other Systems
Storm drains will generally serve minor drains and the smaller major drains. Storm
drains typically are not economical for large flows conveyed within the larger major
drains and within regional drains. Therefore, the storm drain system will collect
runoff to a point where storm drains 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.

4.2.2 Storm Drain Criteria

4.2.21 Maximum Velocity: 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 drain outlet should also be considered.

4.2.2.2 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 2 fps, 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 increases 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. A minimum cleansing velocity of 5 fps should
be maintained when possible, however a minimum of 2 fps must be maintained
when it flows at one-half of the design discharge.

4.2.2.3 Hydraulic/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
underestimated or neglected in the design. In storm drain systems, 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 adequate for the design flow.

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
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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. Designing for pressure
flow 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 drain 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 runoff 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
drains 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.

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

4.2.2.5 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.

The designer should initially size the pipes to carry excess runoff to meet the 10-year
street encroachment criteria of Table 3.1. Once this runoff has been admitted to the
pipe network, additional runoff can be carried by surcharge in the street to a level
of encroachment allowed by Table 3.1 for the 100-year storm. If the encroachment
criteria is exceeded for the 100-year storm, then the pipe sizes should be increased
to carry the extra runoff. The system shall be designed so that the hydraulic grade
line is at 6 inches below the inlet elevation.

4.2.2.6 Special Design Considerations: The following considerations are in-
tended for use when junction losses are an important design consideration. They
are not intended to be design requirements.
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. Table 4.1
Values of Effective Absolute Roughness and
Friction Formula Coefficients for Closed Conduits
Effective Absolute
Roughness
Conduit Material (Darcy-Welsbach) k, ft Manning’s n Hazen-Williams C

Asbestos cement pipe 0.001 t0 0.01 0.011t0 0.015 100 to 140
Brick 0.005 to 0.02 0.013 t0 0.017 100
Castiron pipe

Uncoated (new) 0.00085 - 130

Asphalt dipped (new) 0.0004 — 115t0 135

Cement lined & seal coated 0.001 to 0.01 0.011 t0 0.015 130 to 150
Concrete (monolithic)

Smooth forms 0.001 to 0.005 0.012 t0 0.014 140
Rough forms 0.005 t0 0.02 0.015 t0 0.017 120
Concrete pipe 0.001 t0 0.01 0.011t0 0.015 100 to 140

Corrugated metal pipe
(12 x 2% inch corrugations)
Plain 0.1t00.2 0.022 t0 0.026 —
Paved invert 0.03t0 0.1 0.018 to 0.022 —
Spun asphalt lined 0.001 to0 0.01 0.011 t0 0.015 100 to 140
Plastic pipe (smooth) 0.01 0.011t00.015 140 to 150
. Vitrified clay
Pipes 0.001 t0 0.01 0.011 t0 0.015 100 to 140
Liner plates 0.005 to 0.01 -0.013t0 0.017 100 to 140

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 theinverts 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 inflowing 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 figure
for directly opposed laterals is included, although this arrangement should be
avoided wherever possible.

If the installation of directly opposed inflow 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 Dy/Dj = 1.25.
Thetests 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 percent of Q.
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Lateral infow 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 in Section 4.2.4 show that head losses are 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: Jets issuing from the upstream and lateral pipes must be
considered when attempting to shape the inside of manholes.

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
jetupwards, 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. Some
of these devices which were found inefficient are shown in 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 entran-
ces 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 figure.

4.2.2.7 Catch Basins: Certain specific design procedures are necessary 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, adjustments should be made to lower
the hydraulic grade line or the inlet should be eliminated in that location.

4.2.2.8 Outlets: Final hydraulic design of storm drains begins at the lowest point
in the storm drain 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
drain. If sophisticated hydrologic modeling techniques are utilized, the flow rate in
the receiving facility (normally major drainage) may be known and the correspond-
ing water surface elevation can be determined.

If the outlet is submerged or if the receiving water surface is higher than normal
depth in the storm drain, the beginning hydraulic grade line is the hydraulic 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),
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Directly opposed lateral with deflector
(head losses are still excessive with
= T this method, but are significantly

less than when no deflector exists.)

JIN/ 1)

Bend with straight deflector

Bend with curved deflector

Inline upstream main and 90 lateral
with deflector

. Figure 4.1
Efficient Manhole Shaping
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Offset lateral with deflector

(

Inline upstream main and 90° lateral
with divider

, Inline upstream main and 90’ lateral
- with deflector

Note

Although these modifications look
like improvements, studies have
proven these designs to be less
efficient than the designs in
Figure 4.1.

Use caution when deviating from
recommended designs.

Figure 4.2
Inefficient Manhole Shaping
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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) gradelineslope than pipe slope, thebeginning water
surface elevation is the critical depth in the storm drains.

Figure4.3illustrates some of the exit conditions and Figure 4.4 illustrates the various
hydraulic relationships for closed conduits and for open channel flow.

Design Procedures

4.2.3.1 General Aspects of Storm Drain Design: Calculations to check the pres-
sure 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
resistance loss—or friction loss—in the pipe is the hydraulic grade line rise through
the pipe length and can be calculated by methods shown in Design and Construction
of Sanitary and Storm Sewers (American Society of Civil Engineers 1969).

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.

For an unsubmerged outlet, 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 calcula-
tions 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 backwater and drawdowns exist, but
should be accurate enough for the size of pipes usually considered as storm drains.

On steep storm drain grades, the upstream storm drain may enter the junction at
an elevation somewhat higher than the crown of the downstream storm drain 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 figure to calculate the
pressure change likely across the junction.

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.
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To expedite computations, the storm drain hydraulic grade line elevation deter-
mined 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 drain hydraulic
gradeline. Comparison to limiting conditions will indicate whether the design may
or may not be applicable at the junction.

4.2.3.2 Design Procedure for Pressure Conduits: The methodology outlined in
this chapter allows computations for required storm drain systems to be pursued
with the degree of accuracy justified by the cost of subsequent construction. The
figures in Section 4.2.4 offer one of the better design methodologies available,
enabling a designer to include manhole losses in a progressive calculation of
pressure elevations proceeding upstream along a storm drain system, determining
the water surface elevation, hydraulic grade line, and total energy gradient. Em-
phasis must be placed on the fact that the figures are strictly applicable only when
all pipes entering the manhole are flowing full.

The nomenclature used in the design figures that 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 junction, Dy that of the upstream pipe, D, that of a lateral entering the left
side of a junction (viewed looking downstream along the direction of the outfall
pipe), and Dg a similar lateral at the right. Similarly, Qo, Qu, Qr, and Qg 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.
Duy/Do or Di/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
Ky, equals the pressure change hy in its ratio to Vy2/2g.

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 thedesign figures only as ratios of one to another. The figures included in Section
4.2.4 are based on tests of round pipe, and apply to pipes of circular cross section.
However, the figures will apply accurately enough to pipes of any cross section.
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Rectangular Inlets
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D diameter of pipe
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Ky upstream main pressure
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Ke far lateral pipe pressure
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My, M_  multipliers for Kij or K L to obtain K or K.
2
Vo Vo
hy = Kygg =Ko

(1) Of opposed laterals; designation with reference to
position relative to outfall end of junction.

(2) Forin-line opposed laterals only.

(3) Offset opposed laterals.

Figure 4.5

Manhole Junction Types & Nomenclature
(University of Missouri 1958)
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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
therelative 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
gradeline, along the vertical line through the branch point. The vertical dimensions
hy and hy, 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 flow conditions are not represented in the design
figures. In this instance, it is generally acceptable to extrapolate. It is rare to have
required extrapolations that are significant.

In those rare instances where more than three pipelines enter the same manhole, it
may be necessary to make simplifying assumptions inregard to the flow conditions
and utilize the appropriate figure representing these assumptions. This approach
is not considered a serious constraint as there are many similarities between the
graphics for varying flow conditions. Table 4.2 lists the recommended graphs and
assumptions.

At all junctions where a change of pressure occurs, a loss of total head must occur
whether the pressure change is positive or negative. This basic fact may be used to
check pressure results.

General Instructions for Use of Design Figures: Several operations are common to
use of the design figures 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 figures, references to these
General Instructions are made by number (Gen. Instr. 1, etc.). The general instruc-
tions 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.
Vo2 / 28
3.  Calculate the required flow rate and size ratios. Examples:

Qu/Qo, QL/Qu, Qc/Qo, etc
Duy/Do, Du/Do, B/Do, etc.
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Table 4.2
Summary of Design Figure/Manhole Configuration Application
Case Design Figure

Catch Basin With Inlet Flow Only 4.7
Flow Straight Through Any Manhole 48
Rectangular Manhole, Through Pipe and Inlet Flow 49
Rectangular Manhole With In-Line Upstream Main and 90" Lateral Pipe (with or without inlet

flow) 4.10
Rectangular Manhole With In-Line Opposed Lateral Pipes Each at 90" to Ouifall (with or

without inlet flow) 4.11
Rectangular Manhole With Offset Opposed Lateral Pipes each at 90" to Outfall (with or without

inlet flow) 4.12
Square Manhole at 90" Deflection 4.13
Round Manhole at 90° Deflection 4.13
Deflectors in Square or Round Manholes at 90° Deflection 4.13
Square Manhole on Through Pipeline at Junction of a 90" Lateral Pipe (large size laterals:

DL/DO > 0.6) 4.13,4.14
Round Manhole on Through Pipeline at Junction of a 90° Lateral Pipe (large size lateral:

DL/DO > 0.6) 4.13,4.14
Deflectors in Square or Round Manholes on Through Pipelines at Junction of a 90" Lateral

Pipe (large size laterals: DL/DQ > 0.6) 4.13,4.14
Square or Round Manhole on Through Pipeline at Junction of a 90° Lateral Pipe (smaller size

laterals: DL/DQ < 0.6) or laterals with no manhole. 4.15
Sewer Bends with or without Manhole 4.16
Square or Round Manhole on Through Pipeline with Two Laterals (DL/DO > 0.5) or (QU/QQ >

0.3), Consider Upstream Pipe as Grate Flows 4.10
Square or Round Manhole on Through Pipeline with Two Laterals ((DL/DO < 0.5) or (QU/QO <

0.3), Consider Upstream Pipe as Grate Flows 4.11,4.12

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.

d = total depth of water, ft

h = (outfall pressure line elevation minus catch basin bottom
elevation) + (K) Vo2 /2g

k = 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.)

5. Use the coefficients K from the figures 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 DQ) or for
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an entrance formed by the socket end of a standard tongue-and-groove con-
crete pipe.

Figure 4.7: Insignificant effect, make no reduction.

Figure 4.8: Read directly from the figure.

Figure 4.9: Reduce Ky by 0.1 for usual proportions of inlet flow;
by 0.2 for QG about 0.5Q.

Figure 4.10: Reduce Ky and KL in same manner as Figure 4.9.

Figure 4.11: Insignificant effect, make no reduction.

Figure 4.12: Insignificant effect, make no reduction.

Figure 4.13,4.14, See specific instructions for each case.

4.15:

Figure 4.16: Make no reductions.

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

h=KxVo?/2g @1

The coefficient is a dimensionless number, and therefore, the change of pres-
sure 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 alower elevation than the 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 figure.

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. Atajunction with in-line opposed
laterals, the water surface will correspond to the elevation of the pressure line
of the higher-velocity lateral pipe.

Verify that the water surface is above the crown elevation of all pipe connec-
tions to the structures that are being analyzed. Small pipes, such as laterals to
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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.

4.2.3.3 Design Procedure for 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 drain 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 drains should be to
calculate the energy grade line along the system. Once the discharge has been
determined and a pipe size and slope assumed for a given section, thed/Dand v/V
full ratios can be determined from a graph of Hydraulic Elements for Circular
Conduits (Figure 4.6).

The next step is to calculate the energy grade line:

H=Z+d+(V¥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.

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) VZ/?.g 4.3)
A difficulty in design of systems is the determination of the value of K.

Simple Transitions in Pipe Size: Simple transitions in conduit size in a manhole with
straight through flow may be analyzed by the following equation:

he = KA (V/2g) @9

The term A (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 subcritical. For supercritical flow,
greater values of K are probable, but have not been determined.
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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 drains 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 elevation equals the downstream energy grade line
elevation plus head loss.

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 not 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.

4.2.4 Design Aids
The figures presented in this section are to be used for determining the pressure
change at storm drain junctions. Instructions are included to aid in the application
of these figures. Section 4.2.5 contains detailed storm drain design examples
demonstrating the use of each figure.

4.2.41 Catch Basin with Inlet Flow Only: Pressure change coefficients are
presented in Figure 4.7 for use in determining 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 K¢ depends on the pipe position and the depth
of water in the inlet.

To use Figure 4.7:

1. Note whether outlet is at end or side.

2. Determine outfall pipe pressure line elevation (Gen. Instr. 1).
[Note: See Section 4.2.3.2 for an explanation of the General Instructions.]

3. Calculate outfall velocity head (Gen. Instr. 2).
4. Estimate a value for water depth, d.
» outfall pressure line elevation minus inlet bottom elevation plus hg
equals d, where

he = KgVo'/2g
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» 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 outlet, 3.0 for side outlet—for higher pressure lines.

5.  Calculate the estimated relative water depth of d/Do.

6. Enter Figure 4.7 at this depth d/Dop and read K¢ from the curve for the
particular outfall pipe location.

7.  Calculate hg as indicated on the diagram on the figure and by Gen. Instr. 7.

8. Add hg to the elevation of the outfall pressure line at the inlet center to
obtain the water surface elevation in the inlet.

9. From this water surface elevation subtract the elevation of the inlet bottom
to obtain a more precise value for the water depth, d.

10. Repeat the above procedure with the improved value of d from Step 9 if
necessary. Such repetition may not be necessary if the estimated d/Do of
Step 5 was reasonably accurate.

11. Check to be sure that the inlet water elevation is at least 6 inches below the
gutter elevation at the inlet so that inflow may be admitted.

4.2.4.2 Flow Straight through any Manhole: Pressure change coefficients are
presented in Figure 4.8 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 Figure 4.8. 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 Figure 4.8 applies.

To use Figure 4.8:
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 size ratios DyDg and A/Dy (Gen. Instr. 3).
4. Note whether the outfall pipe entrance is to be square-edged or rounded

smooth (note Gen. Instr. 6).

5.  Enter Figure 4.8 at the pipe size ratio Dy/Dg and read Ky at the curve for
the proper value of A/Dy for a square-edged entrance condition, or at the
dashed curve for a rounded entrance.

6. Calculate hy (positive or negative) as indicated on the diagrams on Figure
4.8 and by Gen. Instr. 7.
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7. Add a positive hy to (or subtract a negative hy from) the elevation of the
outfall pressureat the junction center to obtain the elevation of the upstream
pipe pressure line at the same location.

8. The water surface elevation in the junction corresponds to that of the
upstream pipe, whether above or below the outfall pressure line.

9. Checktobesure the watersurface elevation in the junction is atleast 6 inches
below 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/Dy less
than 1 do not appreciably reduce the values of Ky shown for A/Dy = 1. Ky
increases for distances A /Dy greater than 3, but such values are not usual in storm
drain construction. For rounded entrances, the curve shown will apply with suffi-
cient accuracy for all values of A/Dy up to 3.

4.2.43 Rectangular Manhole—Through Pipeline—Lateral Pipeline: Coefficients
for pressure changes are presented in Figure 4.9 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 the manhole sides (long dimension) and must
meet thealignment requirement stated for Figure 4.9. As much as half the total flow
may enter through a top inlet. The main graph of Figure 4.9 includes effects of
various portions of grate flow for a relative water depth d/Do of 2.5. Increments of
Ky for other relative water depths are shown in the supplemental graphs; positive
increments for d/Dg less than 2.5 and negative for greater depths.

To use Figure 4.9:

1. Determine the outfall pipe pressure line elevation (Gen. Instr. 1).
. Calculate velocity head in the outfall (Gen. Instr. 2).
3. Calculate the ratios of Dy /Do and Qu/Qo (Gen. Instr. 3). (The inlet flow
ratio Qg/Qo =1 - Qu/Qo).
4. Estimate a value for the water depth, d.
» Follow Gen. Instr. 4.

» Estimate K =3 Qg/Qo.

5. Calculate the corresponding relative water depth d/Do.

6. Iftheestimated d/Dgisapproximately 2.5, enter thelower graph on Figure
4.9 at the pipe size ratio Dy/Dp and read Ky at the curve of interpolated
curve for Qu/Qo: then proceed as in Step 9.

7. If the estimated d/Dg is other than 2.5, follow Step 6, then enter the upper
graph on Figure 4.9 at the given Dy/Do and determine the increment of
Ky required to account for the effects of the estimated relative water depth

d/Du.

8. Add Ky from Step 6 and the increment from Step 7 to determine the total
value of Ky. Note that negative values of Ky may occur.

9. For a rounded outfall pipe entrance or one consisting of a pipe socket,
reduce Ky according to Gen. Instr. 6.

10.  Calculate hy as indicated on the diagram on the Figure and by Gen. Instr. 7.
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11.  Add hy to the elevation of the outfall pressure line at the inlet center to
obtain a more precise value for the water depth, d.

12. Repeat the above procedure with the improved value of d from Step 11 if
necessary. Such repetition may not be necessary if the original estimated
d/Do of Step 5 was reasonably accurate.

13.  Check to be sure the water elevation is at least 6 inches below the gutter
elevation at the inlet so that inflow may be admitted.

4.2.44 Rectangular Manhole—Upstream Main and 90 Degree Lateral Pipe—
with or without Grate Flow: Pressure change coefficients are presented in Figure
4.10 for use in determining the common elevation of the two upstream 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 outfall and flowing
through the short dimension of the manhole, and a 90 degree lateral pipe connected
at one end of the box, supplemented by flow through a top inlet. The main graph
of Figure 4.10 applies directly for no flow into the manhole through the inlet.
Increments of Ky and K, for inlet flow conditions are shown in the supplementary
graphs of the upper portion of the figure.

To use Figure 4.10:
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 Dy/Do, Qu/Qo (Gen. Instr. 3).
4. Ifnoinlet flow is involved, enter the lower graph on Figure 4.10 at the pipe

size ratio Dy/Do and read Ky (or K1) 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.
» Follow Gen. Instr. 4

» Estimate K=1.5

6. Calculate the corresponding relative water depth d/Do.

7.  Enterthelower graphand obtain Ky (or K1) as in Step 4, this value applying
for Qc/Qo =0.

8.  Enter the appropriate upper graph on Figure 4.10 for the particular d/Dy
nearest that estimated in Step 6 at the given Dy/Dg and determine the
increment of Ky (or Kp) at the curve for Qg/Qo. This increment accounts
for the effects of inlet flow and is always a positive value, even when Ky of
Step 7 is negative.

9. Add Ky from Step 7 and the increment from Step 8 to obtain the total value
of Ky. Note that in unusual cases the total value of Ky may be negative.

10.  For a rounded outfall pipe entrance or one consisting of a pipe socket,
reduce Ky and K, according to Gen. Instr. 6.

11.  Calculate hy (also equal to hy) as indicated by the diagram on the figure
and by Gen. Instr. 7.

12.  Add hy to the elevation of the outfall pressure line at the branch point to
obtain the elevation of the upstream in-line pipe pressure line at this point.
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The elevations 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
d/Do of Step 6 was reasonably accurate.

15.  Check to be sure the inlet water surface elevation is at least 6 inches below
the top of the inlet so that inflow may be admitted.

4.2.4.5 Rectangular Manhole—In-Line Opposed Laterals With or Without Inlet
Flow: Pressure change coefficients are presented in Figure 4.11 for use in deter-
mining the elevation of the pressure line of the lateral carrying the lower-velocity
flow of two in-line opposed lateral pipes supplying a combination junctionand inlet
box. The pressure change coefficient for the higher-velocity lateral is a constant and
so is not read from the Figure. An inlet of this type may be used at a low point of
street grade where lateral pipes supply flow fromup-grade inlets in both directions,
and the outfall pipe is located at right angles to the two lateral lines.

Figure 4.11 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 pressure
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.

To use Figure 4.11:

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 velocities in each of the laterals to determine which is the
higher-velocity and which is the lower-velocity lateral.

4.  Calculate the ratios Qc/Qo, Quv/Qo, QLv/Qo, Drv/Do, DLv/Do and
Dyv/DrLy (Gen. Instr. 3).

5. Determine H from the left-hand graph on Figure 4.11. Enter the figure at
the pipesize ratio Dyy /Do (note the relevant scale) and read H at the curve
orinterpolated curve for Qry/Qo. In entering the graph, note that unequal
size laterals (Dyy/Dry not equal to 1.0 effect an offset of the scale for
Dhv/Do.).

6. Determine L from the right-hand graph on Figure 4.11. Enter the graph at
the pipe size ratio Dy y/Dgo (note only one scale is involved) and read L at
the curve or interpolated curve of Qryv/Qo.

7. Calculate Kpy = H - L with inlet flow involved. With no inlet flow, Ky =
(H-L)-0.2.

8. Kgvy = 1.8 with inlet flow involved. With no inlet flow, Kgy = 1.6.

9. Calculate hry = KLy (Vo/2g) and hpy = Kuy (Vo2/2g).

10.  Addhpyto theelevation of the outfall pipe pressure line at the branch point
to obtain the elevation of the lower- velocity lateral pressure line at this
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point, similarly, add hyy 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 elevation of the inlet, which is equal to the
lower of the two lateral pressure line elevations that of the higher-velocity
lateral).

12. Check to be sure the inlet water surface elevation is at least 6 inches below
the top of the inlet so that inflow may be admitted.

4.2.4.6 Rectangular Manhole—Offset Opposed Laterals—With or Without Inlet
Flow: Pressure change coefficients are presented in Figure 4.12 for use in deter-
mining the elevations of the pressure lines of each of the two horizontally offset
opposed lateral pipes supplying a combination junction and inlet box. The inlet is
used in the same situations as those to which Figure 4.12 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 distance
not less than the sum of the two lateral pipe diameters. One lateral enters one side
of the box near the outfall pipe end, and one, designated the far lateral, enters the
opposite side near the other end.

Figure 4.12 is used for all probable ratios of flow rates in the two laterals, with or
without inlet flow. For this type of junction the pressure 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.

To use Figure 4.12:

1. Determine the horizontal distance between the centerlines of the opposed
flow laterals at the inlet; if it is more than the sum of the pipe diameters,
Figure 4.12 will apply.

2. Determine the outfall pipe pressureline elevation at the branch points (Gen.
Instr. 1). An average elevation applicable to both is sufficient.

3. Calculate the velocity head in the outfall (Gen. Instr. 2).

4. Calculate the ratios Qr/Qo, QN/Qo, Dr/Do, and Dn/Do, observing the ‘
nomenclature of Figure 4.12 (Gen. Instr. 3).

5. Calculate the factors Qr/Qo x Do/Dr and Qn/Qo X Do/Dn.

6. For the far lateral, enter the right-hand graph of Figure 4.12 at the abscissa
value from Step 5 and read Kgat the curve or interpolated curve for Dg/Do.

7. For the near lateral, obtain Ky from the left-hand graph by a similar
procedure.

8.  Foramanhole with inlet flow, calculate hpand hy by multiplying the outfall
velocity head by the corresponding coefficient Kg or Kn.

9.  For a junction without inlet flow, calculate hg and hy by multiplying the
outfall velocity head by the corresponding reduced coefficients (Kg-0.2) or
(Kn-0.2).

10. Add hgand hy to the elevation of the downstream (outfall pipe) pressure
line to obtain the elevations of the pressure lines of the two laterals at their
branch points.

—
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11.  Determine the water surface elevation in the inlet, which is equal to the far
lateral pressure line elevation.

12. Check to be sure the inlet water surface elevation is at least 6 inches below
the top of the inlet so that inflow may be admitted.

4.2.4.7 Square Manhole—90 Degree Deflection:  Pressure change coefficients
are presented in Figure 4.13 for use in determining the elevation of the pressureline
of an upstream pipe connected by means of a square manhole to an outfall pipe at
a 90 degree angle. The manhole conditions covered by this figure do not involve an
upstream pipe in-line with the outfall pipe. For this and other manhole figures, the
lateral pipe is designated by the subscript L irrespective of its right-hand or
left-hand position. The coefficients given in Figure 4.13 apply directly to manholes
having a square-edged entrance to the outfall pipe. Coefficients for a rounded
entrance are obtained by reduction of the Figure values as shown in Table 4.3. The
design of manholes with deflector devices is discussed separately.

To use Figure 4.13:
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 D,/Dg and B/Dg (Gen. Instr. 3).
4. Enter the lower graph of Figure 4.13 at the pipe size ratio Dr,/Do and Kr*

at the curve or interpolated curve for the manhole size ratio B/Do. For all
flow from a lateral Ky, = K *.

5. . For arounded outfall pipe entrance or one formed by a pipe socket reduce
the figure value of Kp.* by 0.3 as defined by Gen. Instr. 6.

6. Calculate the change of pressure hy, = K, x Voz/ 2g (always positive for 90
degree deflections).

7. Add hr, 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 pipe
pressure line. To determine the water-surface elevation, use Figure 4.14, as
instructed in Steps 12 through 18 of Section 4.2.4.10.

9. Check to be sure the water surface elevation is above the pipe crowns to
justify using these figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.
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Figure 4.13

Manhole at 90 Degree Deflection or On Through Pipeline at Junction of 90 Degree Lateral Pipe

(Lateral Coefficient)
(University of Missouri 1958)
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Table 4.3
Reductions for K| * for a Manhole with Rounded Entrance
Reductions For K
D1/Do
B/Do 0.6 0.8 1.0 1.2
1.75 04 0.3 0.2 0.0
1.33 03 0.2 0.1 0.0
1.10 0.2 0.1 0.0 0.0

4.2.4.8 Round Manhole—90 Degree Deflection: = Pressure change coefficients
may also be obtained from Figure 4.13 for use 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 degree angle.

To use Figure 4.13 in this case:

1. Proceed as instructed in Steps 1 through 4 of Section 4.2.4.7 to obtain a base
value of K * for the particular values of D1,/Dgo and B/Do.

2. To provide for the effects of the round manhole cross section, reduce Kr*
in accordance with Table 4.3. The reduced values apply for a sharp-edged
entrance to the outfall pipe.

3.  With a well-rounded entrance to the outfall pipe from a round manhole,
reduce Kr* of Step 1 by 0.3 with no further reduction for manhole cross
section shape.

4. Follow Steps 6 through 9, Section 4.2.4.7.

4.2.49 Square or Round Manhole—90 Degree Deflection With Deflectors:

Pressure change coefficients are presented in Figure 4.13 for determining the
evaluation of the pressure line of an upstream pipe connected to an outfall pipe at
a 90 degree 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 reduce the pressure loss are detailed and described
in the main text.

The deflectors which are more easily constructed 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 of such deflector
walls are possible and are included in the curves of Figure 4.13. These three are: 1)
walls parallel to the outfall pipe centerline or 0 degree walls; 2) inclined walls,
limited to an angle of about 15 degrees to the outfall centerline if an upstream in-line
pipe is to be used; and 3) walls at 45 degrees to both the lateral and outfall 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.
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Rounding of the corner formed between the deflector wall and the manhole floor
is not required, and may be detrimental in some cases.

To use Figure 4.13 in this case:

L
2
3

10.

11.

Determine the outfall pipe pressure line elevation (Gen. Instr. 1).
Calculate the velocity head in the outfall (Gen. Instr. 2).
Classify the type of deflector used:

» Parallel wall - 0 degrees

» Inclined wall - 5 to 15 degrees
» 45 degree or curved wall

Calculate the ratios D,/ Do and B/Do. No distinction between square and
round manholes is necessary.

If B/Dg is 1.5 or less, enter the lower graph of the figure at the ratio Dy,/Do
and read Kr* at the curve for the appropriate deflector type. In the case of
a parallel wall, use the curve for B/Dg = 1.00.

If B/Dg is more than 1.5 and less than 2.0, use the same dashed curve for
45 degree or curved deflectors; use the curve for B/Do = 1.10 for 5 to 15
degree angle deflectors; and use the curve for B/Do = 1.20 for 0 degree angle
deflectors.

A rounded entrance to the outfall pipe or one formed by a pipe socket is
less effective in reducing the pressure change with deflectors than when
deflectors are not used. A reduction of Ki.* by 0.1 may be justified.

Calculate the change of pressure:
h = KL Vo’/2g (for Q= Qo, K= K1)

Add hy, 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.

The water-surface elevation in the manhole will be above the lateral pipe
pressure line. To determine the water surface elevation, use Figure 4.14, as
instructed in Steps 2 through 8 for deflectors in a manhole at the junction
of a 90 degree lateral with a through main (Section 4.2.4.12).

Check to be sure the water surface elevation is above the pipe crowns to
justify using these figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.

4.2.410 Square Manhole—Upstream Pipe and Lateral: Pressure change coeffi-
cients for use in determining the elevation of the pressure line of the 90 degree lateral
pipe are obtained from Figure 4.13 and the coefficients for the upstream in-line pipe
are obtained from Figure 4.14. The diameter of the lateral pipe must be at least 0.6
of the diameter of the outfall pipe to permit use of these figures. Pressure changes
at junctions of smaller laterals may be obtained through use of Figure 4.15. The
coefficients given by the figures apply directly to a square-edged entrance to the
outfall pipe. Coefficients for a rounded entrance are obtained by reduction of the
figure values as stated below. The design of manholes with deflector devices is
discussed separately.
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Manhole on Through Plpellne at Junction of a 90 Degree Lateral Plpe

(In-Line Pipe Coefficient)
’ (University of Missouri 1958)
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To use Figures 4.13 and 4.14 in this case:

1. Determine the outfall pressure line elevation (Gen. Instr. 1).

2. Calculate the velocity head in the outfall (Gen. Instr. 2).

3. Calculatetheratios Qu/Qo, Du/Do, and Dy, /Do. If D1 /Dg is less than 0.6,
use Figure 4.15 instead of Figures 4.13 and 4.14.

4. Calculate the ratio B/Dgo and note if the outfall entrance is rounded.

5. Calculate the factor (Qu/Qo) X (Dy/Do); if this is greater than 1.00, use
Figure 4.15, instead of Figures 4.13 and 4.14.

For Lateral Pipe:

6. Enter the lower graph of Figure 4.13 at the ratio of Di,/Do and read K* at
the curve or interpolated curve for the ratio B/Do.

7. For a rounded outfall pipe entrance or one formed by a pipe socket as
defined by Gen. Instr. 6, reduce the figure values of Ki* by 0.2.

8. Determine the factor ML, by entering the upper graph of Figure 4.13 at the
value of the factor (Qu/Qo) x (Dy/Do) and at the curve or interpolated
curve for Dp./Do.

9. Calculate K, = Mg, x Kp.*.

10.  Calculate the lateral pipe pressure change
Kp, x Voz/ 2g
11.  Add hg to the elevation of the outfall pipe pressure line at the branch point

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

For Upstream In-Line Pipe:

12.  Enter the lower graph of Figure 4.14 at the ratio of D1,/Do and read Ky* at
the curve or interpolated curve for B/Do.

13.  For arounded entrance to the outfall pipe or one formed by a pipe socket,
reduce Ky* by 0.2.

14. Determine the factor My from the upper graph of Figure 4.14.

15. Calculate Ky = My x Ky*.

16.  Calculate the upstream in-line pipe pressure change

hy = Ky x V02/2g

17.  AddhU to 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.
For Water Surface:
18. Thewater-surface elevation in the manhole will correspond to the upstream

in-line pipe pressure line at the branch point.
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. 19. Check to be sure that the water surface elevation is above the pipe crown |
to justify using these figures and that it is sufficiently below the top of the |
manhole to indicate safety from overflow. ‘

4.2.4.11 Round Manhole—Upstream Pipe and Lateral: Pressure change coeffi-
cients may also be obtained from Figures 4.13 and 4.14 for use in determining the
elevations of the pressure lines of the 90 degree lateral pipeand the upstreamin-line
pipe connected by a round manhole to an outfall pipe.

To use Figures 4.13 and 4.14 in this case:

1.  Proceed as instructed in Steps 1 through 6, Section 4.2.4.10 to obtain a base
value of Kr*.

For Lateral Pipes:

2. To provide for the effects of the round manhole cross sections, reduce Kr*
as outlined in Table 4.3. The reduced values apply for a square-edged
entrance to the outfall pipe.

3. With a well-rounded entrance to the outfall pipe from a round manhole,
reduce K1* obtained in step 2 by 0.1.

4. Determine the factor M, from the upper graph of Figure 4.13 and proceed
as instructed in Steps 8 through 11 of Section 4.2.4.10 to complete the

‘ determination of the elevation of the lateral pipe pressure line.

Upstream In-Line Pipe:

5. Proceed as instructed in Steps 12 through 17 of Section 4.2.4.10 to obtain the
elevation of the upstream in-line pipe pressure line. Note that no reduction
of Ky* is to be made for effects of the round manhole cross section.

For Water Surface:
6. Proceed as instructed in Steps 18 and 19 of Section 4.2.4.10.

4.2.412 Square or Round Manhole—Upstream Pipe and Lateral—Deflector:
Pressure change coefficients are also presented in Figures 4.13 and 4.14 for use in
determining the elevations of the pressure lines of the lateral and in-line pipes ata
junction of this type, with either a square or a round manhole modified by flow
deflectors. Deflectors in a manhole effectively eliminate the effects related to the
shape of the manhole. Deflector types are described in the instructions for use of
Figure 4.13 for a manhole with deflectors at a 90 degree deflection of a storm drain.
The curved and 45 degree deflectors cannot be used in a manhole on a through
pipeline because of the space required for through in-line flow.

To use Figures 4.13 and 4.14 in this instance:

. 1. Proceed as instructed in Steps 1 through 9 of Section 4.2.4.9, disregarding
the references to 45 degree or curved walls. Using Figure 4.13 will give the
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elevation of the lateral pipe pressure line at the branch point. As noted in
the instructions for a manhole of this type without deflectors, Figure 4.15

must be used when Dy,/Dgo < 0.6 or (Qu/Qo x Dy/Do) > 1.00.

For Upstream In-Line Pipe:

2. Enter thelower graph of Figure 4.14 at the ratio of Dy, /Do and read Ky* for
all manhole sizes and any deflector wall angle from 0 to 15 degrees at the
curve for B/Dgo = 1.00.

3. Forarounded entrance to the outfall pipe or one formed by a pipe socket,
reduce Ky* by 0.1.

4. Determine the factor My from the upper graph of Figure 4.14.
5. Calculate Ky = My x Ky*.
6. Calculate the upstream in-line pipe pressure change

hy =Ky x V02/2g

7. Add hy to 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.

For Water Surface:

8. Thewater-surface elevation in the manhole will correspond to the upstream
in-line pipe pressure line at the branch point.

9. Check to be sure that the water-surface elevation is above the pipe crowns
to justify using these figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.

4.2.413 Square or Round Manhole—Upstream Pipe with Small Lateral or
Lateral Connecting with no Manhole: Pressurechange coefficients are presented
in Figure 4.15 for use in determining the common elevation of the pressure lines of
the lateral and in-line pipes at a junction of this type for cases of pipe sizes or flow
divisions outside the range over which Figures 4.13 and 4.14 may be applied.
Figures 4.13 and 4.14 are more reliable within their range and should be used if
possible. Neither manhole shape nor size nor relative size of lateral pipe modify the
coefficients of Figure 4.15. The figure may also be used for direct connection of a 90
degree lateral to a main without use of a manhole. The coefficients of the figure
apply directly to a square-edged entrance to the outfall pipe. Coefficients for a
rounded entrance are obtained by reduction of the figure values as stated below.
Deflectors in the manhole are not effective in the ranges covered by Figure 4.15 and
therefore need not be used.

To use Figure 4.15:

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 Dy, /Do, Dy/Do, and Qu/Qo. Note that use of Figures
4.13 and 4.14 is advisable if the size and flow factors are within their range.
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10.

Figure 4.15 should not be used for Qu/Qo < 0.7 if other solutions are
possible.

Note whether the outfall entrance is to be rounded or formed by a pipe
socket as defined by Gen. Instr. 6.

Enter Figure 4.15 at the ratio Dy/Dg and read Ky (also equal to Ky ) at the
curve or interpolate curve for Qu/Qo.

If Qu/Qo x Dy/Do was found to be greater than 1.00 in an attempt to use
Figures 4.13 and 4.14, Ky of Step 5 will be negative in sign, thus providing
a check on proper use of the figures.

For rounded entrance from the manhole to the outfall pipe use the reduced
values from Figure 4.15.
Calculate the change of pressure

hy = hy = Ky x Vo2/2g
hyand hy are positive or negative depending on the sign of Ky as read from
the figure.
Add a positive hy to or subtract a negative hy from the elevation of the
outfall pipe pressure line at the branch point to obtain the elevation of the
upstreamin-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 eleva-
tion found in Step 9 of Section 4.2.4.12.
Check to be sure that the water-surface elevation is above the pipe crowns
to justify using these figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.

4.2.4.14 Flow Straight Through a Deflection: Pressure change coefficients are
presented in Figure 4.16 for use in determining the elevation of the pressure line of
an upstream in-line pipe relative to that of the outfall. The cases to which the Figure
may be applied are shown on the figure. No flow other than that from the upstream
pipe may be involved where this figure is applied.

To use Figure 4.16:

1. Determine the outfall pipe pressure line elevation (Gen. Instr. 1).

2. Calculate the velocity head in the outfall (Gen. Instr. 2).

3.  Determine the deflection angle, o.

4. Enter Figure 4.16 at the particular deflection angle to the proper curve and
read the appropriate loss coefficient.

5. Calculate hyy (Gen. Instr. 7).

6. Addapositive hy to the elevation of the outfall pressure line at the manhole
center to obtain the elevation of the upstream pipe pressure line at the same
location.

7. The water surface elevation in the manhole corresponds to that of the
upstream pipe.

8. Checktobesurethe water surface elevation in the junctionis atleast 6 inches

below the top of the manhole so that overflow may not occur.
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4.2.5 Design Example

The design example in this section analyzes a hypothetical pipe layout to
demonstrate the method of application of the design figures and to provide an
overview of the final hydraulic design procedure. Figure 4.17 illustrate how junction
losses are computed for both pressure conduits and open channel flow. The design
example was developed to illustrate at least one condition for each of the design
figures detailed in Section 4.2.4. The design then proceeds upstream from junction
to junction.

As shown in Figure 4.17, each inlet is numbered (e.g., I-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 the 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 (Figure 4.33, page 126).

The manholes are also numbered (such as MH-1 for Manhole No. 1). The pipe
arrangement at each manhole and inlet is evident from the plan, and serves to
identify the design figure from Section 4.2.4 that will be used to determine the
corresponding pressure change coefficients. These, in turn, are to be used to calcu-
late, in feet, the pressure change for each upstream pipe.

The system is laid out during the preliminary design phase, with all inlets located,
the rate of inflow to each determined* and the preliminary pipeline sizes selected,
and a preliminary profile established. Proceeding from the outfall, thedesign moves
to the next junction upstream by adding the friction 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 the hydraulic grade line is less than 80 percent of depth in the downstream pipe
and if the normal pipeline depth is less than 80 percent of the pipe vertical height,
then the downstream water surface is set at normal depth.

A word of caution is needed to prevent the loss of significant design time: examine
the conditions at each junction to try to determine whether the main line, the laterals,
or anearby 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 be revised.
Keep in mind that the final hydraulic design procedureis iterative, and adjustments
will probably be necessary to raise or lower the hydraulic grade lines for the design
runoff event.

The design is carried upsteam 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 recommended that
junction computation sheets as elaborate as those included in this discussion be
used. A simple hand sketch is usually sufficient.

* Note: Due to the differing times of concentration, the rate of inflow for sizing of
the storm drain pipeline may be different than the flow for sizing the inlets.
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In the design example, the accuracy of the computations is shown to 0.01 feet;
however, in actual design, the needed accuracy is usually sufficient to 0.10 feet for
hydraulic grade line computations. The pipeline inverts are to be designed to 0.01
feet.

For the design example the pipeline is assumed to be reinforced concrete pipe
without rubber gasket joints; therefore, the roughness factor “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 hydraulic alignment. 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 at the end of the design
example (see Figure 4.33). The profile includes the pipeline crown and invert,
manholes and inlets, energy grade line, and hydraulic grade line.

42,51 Main Line Calculations -

Outlet to MH-5: Preliminary surveys have shown that the tailwater elevation at the
outlet is 473.85 feet (see Figure 4.17). The top of the 54-inch pipe is at an elevation
of 473.89 feet, and the outlet is essentially submerged. The outfall exit loss of 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 MH-5 isadded
to this elevation to establish the downstream pressure line at MH-5.

MH-5: Figure 4.18 shows the example storm drain design for MH-5 using the
pressure change coefficients presented in Figure 4.8. The use of Figure 4.8 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
one if projected across the junction box along the pipe axis. If grate flow enters the
junction, use the coefficients presented in Figure 4.9.

Known quantities are:

» the gutter elevation,

» the inlet bottom elevation,

» the pipe flow rates and diameters,

» theinlet size, and

» the elevation of the downstream pressure line at the junction center.

From this information, calculate the velocity head of the outfall flow, the ratios
Dy/Do and A/Dy. Next, read Ky from Figure 4.8 and multiply it by the velocity
head in the outfall to obtain hy, the change of pressure. Subtract (or add) hy to the
outfall pressure line elevation to obtain the elevation of the upstream in-line pipe
pressure line to which the water surface in the inlet corresponds. Check the
clearance of the water below the gutter.




Closed Conduits

Figure 4.18

Storm Drain Design Example for Manhole No. 5

(Use Figure 4.8 for Calculations)

2

K%_ E 475.08
4'x5 box ! g ] _
Pressure Line -L—%_ | _Pressure Line
—_,T S
Q7710 :
D :48”
PLAN ELEVATION
ltem MH-5
Gutter Elevation 475.08
Inlet Bottom Elevation 469.50
Flow Rate Qy 71.00
DyDo 0.89
ADy 1.00
Outfall Velocity Head V?/2g 0.31
Downstream Pressure Elevation 474.27
Figure 4.13 square-edged entrance to outfall, Ky -0.50
Pressure Rise, Ky x V'/2g -0.16
Upstream Pressure Elevation 474.11
Water Surface Elevation 47411
Distance Below Grate, ft 1.29
Distance Above Invert, ft 461 Pressure Conduit
USHGL @ Outlet = 47413
Pipeline Data:
Downstream: Upstream:
Q = Ticfs Q = 71.0c¢fs
Length = 1053 ft D = 48inches
D =  54inches
s = 0.0010 ft/ft
\Y = 4.46fps
Vg = 031
St = 0.0013 ft/t
hy = 0141t
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MH-4: Figure 4.19 depicts MH-4, which is typical of round manholes for which
Figures 4.13 and 4.14 are used to determine pressure change coefficients.

Known quantities 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.

From this information, calculate the ratios Dy, /Do, Dy/Do, Qu/Qo, and B/ Do, the
figure factor Qu/Qo x Do/Dy and the outfall velocity head. The values of D,/ Do
and Qu/Qo x Do/Dy indicate that Figures 4.13 and 4.14 are applicable in this
case.

Figure 4.13 (for square manholes) is used to obtain the pressure change coefficient
KL for the lateral pipe even though MH-4 is a round manhole. First, read K.* for a
square manhole from the lower graph of Figure 4.13 and reduce it by 0.2 in
accordance with the Table 4.3. The outfall pipe entrance is sharp-edged in this case,
so no further reduction is made. The upper graph of the figure is used to obtain the
multiplying factor My, then Kp, is obtained by multiplying K.* by ML. Next Ky, is
multiplied by the outfall velocity head to obtain hy, the change in pressure (or
pressure rise) at the manhole. Finally, hy, is added to the outfall pressure line
elevation to obtain the elevation of the lateral pipe pressure line at the branch point.

Use Figure 4.14—for square or round manholes—to obtain the pressure change
coefficients Ky for both the upstream in-line pipe and the water depth in the
manhole. First, read Ky* for all flow from the lateral from the lower graph of Figure
4.14 and use it without modification since, in this case, the outfall entrance is
square-edged. Note that no reduction is to be made for the round manhole cross
section. Next, read My from the upper graph of the figure and obtain Ky by
multiplying Ky* by My. Then multiply Ky by the velocity head in the outfall to
obtain hyy, the change of pressure. Next, add hy 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, check the clearance of the water surface below the top of the
manhole to make certain it is ample.

Note that for a square-edged entrance to the outfall pipe, values of A/Dy less than
1 do not appreciably reduce the values of Ky shown for A/Dy = 1. 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.
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Closed Conduits

Figure 4.19
Storm Drain Design Example for Manhole No. 4
(Use Figures 4.13 and 4.14 for Calculations)

476.00
Entrance to downstream
pipe is rounded 47508
Dy=48" Voz Pressure Line
K2, Pressure Line
Q . Q=710 Q

D, =30
Line MH-| — MH-2

Q=250 47025 Na70.15
from MH-6
PLAN ELEVATION

ltem MH-4
Top of Manhole Elevation 476.00
Bottom of Manhole Elevation 470.15
Lateral Flow Q cfs 25.00
Upstream In-Line Flow Qy cfs 46.0
Outfall Flew Qg cfs 71.0
Lateral Pipe Ratio D;/Dg 0.63
In-Line Pipe Ratio Dy/Dg 0.88
Figure Factor Qu/Qq x Do/Dy 0.74
Manhole Diameter B inches 48
Manhole Size Ratio B/Dg 1.00
Outfall velocity head Vi /2g ft 0.50
Downstream Pressure Elevation 475.08
Lateral Pressure Rise Coefficient (square-edged entrance)

Figure 4.13 K, * for square-edged manhole 0.93

K. for round-edged manhole (less 0.2) 0.75

Figure 4.13 M, 0.61

KL=K*x M, 0.57

* The use of rounded2 entrance from manhole to outlet pipe is usually not economically
justified when Vo729 < 1.0.
(continued)
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Item MH-4
Lateral Pressure Rise, K| x Vo 2/29 0.28
Lateral Upstream Pressure Elevation 475.36
Upstream Pipe Pressure Rise Coefficient
Figure 4.14 Ky* for square or round Manhole 1.86
My 0.45
Ky =Ky*x My 0.84
In-Line Upstream Pressure Elevation 475.50
Water Surface Elevation 475.50
Clearance, Water Below Top ft 0.50
Distance Above Invert, ft 5.35 Pressure Conduit
USHGL @ MH-5 = 474.11
Pipeline Data:

Downstream: Upstream: Lateral:

Q = T10cfs Q = 460cfs Q = 2¢cfs

Length = 405 ft

D = 48inches

s = 0.0015 ft/ft

v = 565fps

Vi2g = 050

St = 0.0024 ft/ft

b = 097

* This value will be used later in the computations to start the lateral pipe computations from
MH-4 to MH-6.

MH-3: MH-3 (Figure 4.20) is typical of junctions for which the pressure change
coefficients in Figure 4.16 apply.

Known quantities are:

» the gutter elevations,

» the manhole bottom elevation,

» the flow rate,

» the pipe diameter,

» the deflection angle and characteristics, and

» the elevation of the downstream pressure line.

From this information, the velocity head of the outfall flow may be determined.
Read the loss coefficient K from Figure 4.16 and multiply it by the outfall velocity
head to obtain the rise of the water surface above the downstream pressure line
elevation. This corresponds to the upstream pressure line elevation. Check the
clearance of the water surface below the gutter.




Closed Conduits

Figure 4.20
Storm Drain Design Example for Manhole No. 3
(Use Figure 4.16 for Calculations)

" ! 478.77
48 dia. manhole b
Deflector :
I | 47576
Q,=460) _a»"  Pressure Line | "]
u= O _k DO-42 2 __‘*:4=_-.£/\/\/~. P Li
Vo /”‘—‘———!~* —} Pressure Line
D
Q,=46.0 0

PLAN ELEVATION
Item MH-3
Gutter Elevation 478.77
Manhole Bottom Elevation 470.53
Upstream = Downstream Flow cfs 46.0
Upstream Pipe Diameter, inches 42.0
Downstream Pipe Dlameter inches 42.0
Outfall Velocity Head Vo I2g ft 0.36
Dy/Do 1.0
(This implies that there is no contraction or expansion headloss)

Deflection Angle 30°
Downstream Pressure Elevation 475.71
Figure 4.16, K (with Deflector) 0.15
Upstream Pressure Rise = K x Vo 129 0.05
Upstream Pressure Elevation, W.S.E. 475.76
Clearance, Water Below Top, ft 3.01
Distance Above Invert, ft 5.23  Pressure Conduit
USHGL @ MH-4 = 475.50
Pipeline Data:

Downstream: Upstream:

Q = 460cfs Q = 46.0cfs

Length = 100.0 ft D = 42inches

D = 42inches

s = 0.0028 ft/ft

\ = 4.781fps

Vieg = 035t

Si = 0.0021 ft/t

hy = 021
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MH-2: Figure4.21 illustrates MH-2. Use Figure 4.15 to obtain the pressure change
coefficients.

Known quantities are:

» the gutter elevation,

» theinlet bottom elevation,

» the pipe inflow rates,

» the outfall flow rate,

» the pipe diameters, and

» the elevation of the downstream (outfall pipe) pressure line at the inlet
center.

From this information, calculate the velocity head of the outfall flow, the ratios
D1./Do, Du/Do, and Qu/Qo. Figures 4.13 and 4.14 should not be used for D,/Do < 0.6
if other solutions are possible. Enter Figure 4.15 at the ratio Dy/Do and read Ky
(also equal K1) at the curve or interpolated curve for Qu/Qo. When checking the
applicability of Figures 4.13and 4.14 Do /Dy is greater than 1.00, Ky will be negative
in sign. This provides a check on proper use of the figures. Neither manhole shape, nor
size, nor relative size of the lateral pipe will modify the coefficients of Figure 4.15.

Next, multiply Ky by the outfall velocity head to obtain hy, the change of pressure
at the manhole. Finally, subtract (or add) hy (or hy) 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. Check to make
certain the water surface is above the pipe crowns to justify using these figures, and
that it is sufficiently below the top of the manhole to indicate safety from overflow.

Deflectors in the manhole are not effective in the ranges covered by Figure 4.15,and,
therefore, need not be used.

Inlet I-8 is similar to Inlets I-1 and I-7 and is not analyzed in this example.

MH-1: MH-1 (Figure 4.22) has four laterals and has been included to illustrate the
use of the design figures for a condition not specifically covered by them. The
following parameters are needed to determine which figures to use (see Table 4.2):

Qu/Qo=0.17<0.3, Dy/Do =0.50
The results indicate that Figures 4.11 and 4.12

Known quantities are:

» the gutter elevation,

» the elevation of the inlet bottom,

» the lateral pipe and the grate inflow rates, and

»  their total—the outfall flow rate, the pipe diameters, and the elevation of
the downstream (outfall pipe) pressure line.
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Figure 4.21
‘ Storm Drain Design Example for Manhole No. 2
480.2!
50
K v§
48" dia. manhole H2s N ' | 476.26
Pressure Line 1 ’4 | Pressure Line
_’70:1-—- (RN e
Q,=460
% D Q
/‘l‘_)'_/
" —b 4
42 i
DU
47247 %7 Do
PLAN ELEVATION
' Item MH-2
Top of Manhole Elevation 480.21
Bottom of Manhole Elevation 471.97
Lateral Flow Q cfs 5.00
' Upstream In-Line Flow Qy cfs 410
Outfall Flow Qg cfs 46.0
Flow Ratio Qy/Qq 089>0.7
Lateral Pipe Ratio D;/Dg 029 <06
In-Line Pipe Ratio Dy/Dq, 0.86
Outfall Velocity head Vo “/2g ft, 0.35
Factor Qy/Qgx Dy/Do, 476.26
Downstream Pressure Elevation, 476.26
Assume Square-edged Entrance, Figure 4.15,
Figure 4.16; Ky and K. 0.18
Upstream Pressure Rise - 0.18 x 0.35 ft -0.06
Upstream Pressure Elevation and WSE 476.20
Clearance, Water Below Top, ft 3.85
Distance Above Invert ft 4.23
USHGL @ MH-3 = 475.76 ft
Pipeline Data:
Downstream: Upstream: Lateral:
Q = 46.0cfs Q = 410cfs Q = 50¢fs
Length = 2401t Dy= 36inches Do= 12inches
D = 42inches
s = 0.0060 ft/it
) = 4.78fps
Vieg = 0351
St = 0.0021 ft/ft
‘ hy = 050
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Figure 4.22
Storm Drain Design Example for Manhole No. 1
(Use Figure 4.11 for Calculations)

D,~18"
£Orts 46162
e L Pressure Water Surface
" Line
Ds=18'" D,=30
— Kz, Pressure Line
—- + 270cfs 9 s T
7.0cfs Q.
“OO
Do
47383 473.32
Dy=36"
Q =410cfs
!
PLAN ELEVATION
Item MH-1
Gutter Elevation 481.62
Inlet Bottom Elevation 473.32
Flow Ratios
Q¢/Qo 0.17
Quv/Qo 0.66
QuQo 0.17
Pipe Size Ratios
Dyv/Do 0.50
Dyv/iDo 0.83
DDy
Velocity Head Vg “/2g, ft 0.52
Downstream Pressure Elevation 477.15
Figure 4.11:
Factor H for existing lateral 3.7
Factor L for existing lateral 0.5
Ky = for new lateral 1.8
Kg = H-L, for lateral 3.2
Pressure Rise existing lateral 3.2 x 0.52 1.66
New 30-inch lateral 1.8 x 0.52 0.94
Upstream Pressure Elevation
Exist lateral & in-line 478.81
New 30-inch 478.09
Water Surface Elevation in Inlet 478.09
Clearance, Gutter to Water, ft 3.53
Distance Above Invert (ck 30-inch) 4.77  Pressure Conduit
USHGL @ MH-2 = 476.2

(continued)




Closed Conduits

Pipeline Data for MH-1:

Downstream: Left Lateral: Right Lateral:

Q = 41.0cfs Q = 270¢cfs Q = 70¢cfs
Length = 250 ft D = 30inches D = 18inches
D = 36inches V = 55fps V = 3.961ps
S = 0.0060 f/ft High Velocity Low Velocity

v = 580fps

Vieg = 0521t

S = 0.0038 ft/ft

hy = 0951t

From the lateral pipe flow rates and sizes, determine the velocity in each of the
laterals and identify the two laterals as higher velocity and lower velocity. In this
case, the existing line has the higher-velocity. From the known data and the above
determination, calculate the ratios Qg/Qo, Quv/Qo, QLv/Qo, DHv/Do, DLy /Do,
and Dyy/Dry. Next, calculate the velocity head of the outfall. Then tabulate the
elevation of the downstream pressure line for convenience in adding the pressure
rise, which is now calculated using Figure 4.11. Read the pressure factors H and L
from the figures, identified by the lateral to which the D and Q of the two graphs
apply. The difference between H and L (3.7 - 0.5 = 3.2) is the pressure change
coefficient KR = Kpy 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, = Kpy is 1.8 because grate flow is involved. Each coefficient is multiplied by the
velocity head of the outfall flow to obtain the pressure changes hy v and hyy for the
laterals. The pressure change is always positive, that is, producing a rise in pressure
upstream, for junctions of this type. Thus hry, 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, hygy 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.

Inlet No. 6:  1-6 (Figure 4.23) is an inlet to which Figure 4.10 applies. I-6 involves
the basic through pipeline and lateral pipe arrangement, and also has flow through
a top grate. It might appear that I-6 does not meet the requirements for Figure 4.10
because 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 I-3) is
not sufficient to effect a significant change in the hydraulic performance.

Inlet No. 5: I-5 (Figure 4.24) is a typical inlet to which the design methods of Figure
4.11 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 4.24.

Known quantities are:

» the gutter elevation,

» the elevation of the inlet bottom,

» the lateral pipe and the grate inflow rates, and

» their total—the outfall flow rate, the pipe diameters, and the elevation of
the downstream (outfall pipe) pressure line.




Q =218

Storm Drains

Figure 4.23

Storm Drain Design Example for Inlet No. 6
(Use Figure 4.10 for Calculations)

Q =26
LSS Q, =26 \ 481,00
Dy=27" Do=30" Sl
Qe=26 { Tossre /
. ine H
\_4 —_— ¥-—':Tz‘-;L2=————,,,, s s s s A
=270 Ku =2
Q u —?2—; | R
o y
47944
Qu ’ "\’ DL —
A
47780” “_ 47630
PLAN ELEVATION
ltem Inlet 6
Gutter Elevation 481.00
Inlet Bottom Elevation 476.30
Grate Inflow, Qg cfs 26
Upstream In-Line Flow, Qy 21.8
Left Lateral Flow, Qy 26
Outfall Flow, Qg cfs 27.0
Outfall Pipe Diameter Dq, inches 30.0
Outfall Velocity Head Vo /2g, ft 0.47
Flow Ratios
QuQo 0.81
Qg/Qo 0.10
Pipe Size Ratio
DyDo 0.90
Downstream Pressure Elevation 479.44
Pressure Elevation Above Bottom, ft 3.14
Estimated d/Dg 14
Pressure Rise Coefficient for U.S. Main and Lateral
Figure 4.10: Ky = 02.45 +0.10 0.55
Pressure Rise 0.55 x Vo /29, ft 0.26
Upstream Pressure Line Elevation for Main and Lateral and
Water Surface Elevation 479.70
Check d/Dg 1.36
Clearance, Gutter to Water, ft 1.30
USHGL @ MH-1 = 478.09
(continued)
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Closed Conduits

Pipeline Data for I-6:

Downstream: Upstream: Lateral:

Q = 270cfs Q = 218cfs Q = 26¢fs
Length = 314 ft D = 27inches D = 12inches
D = 30inches V = 548fps V = 331fps
s = 0.0079 ft/it

\' = b55fps

Vg = 0471t

S = 0.0043 f/ft

hy = 135t

From the lateral pipe flow rates and sizes, determine the velocity in each of the
laterals, and identify the two laterals 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 Qc/Qo, Quv/Qo, QLv/Qo, DHV/Do, DLv/Do, and
Dyv/Dry (1.0 in this case) are calculated.

Next, calculate the velocity head of the outfall flow. Then, tabulate the elevation of
the downstream pressure line for convenience in adding the pressure rise, which s
now calculated using Figure 4.11. Read the pressure factors Hand L from the figure,
and identify, by the lateral, to which the D and Q of the two graphs apply. The
difference between Hand L (3.7 - 0.5 = 3.2) is the pressure change coefficient Kr =
Ky for the new lateral to inlet 3, the lower-velocity lateral. The constant coefficient
Kp, = Kyyv is 1.8 because grate flow is involved. Each coefficient is multiplied by the
velocity head of the outfall flow to obtain the pressure changes hy v and hyyy for the
laterals. The pressure change is always positive, that is, producing a rise in pressure
upstream, for inlets of this type. Thus hyy, the pressurerise, isadded 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, hyyy 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,
check the clearance of the water surface below the gutter.

The alternate offset lateral arrangement, with the existing lines in the far position,
is examined in the right-hand column of the tabulations. The position for use of
Figure 4.12 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 I-5 is not large, it is significant in this case because the existing pipeline
had thelarger 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 I-3, it is advisable to select the arrangement at the inlet which places the existing
pipe in the near position; that is, the design shown by the center column in Figure
4.24.

It is worthwhile to note that the water surface elevation in I-5 is, for all intents and
purposes, at thelevel of the gutter. This provides an “automatic valve” in the system,
preventing extra runoff from entering the system and causing unforeseen problems
at other locations in the pipe network.
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Line toinlet 3 Line
D.=18" D=18"
.'.
D,=27"
Same pipe
& discharge Sy

Figure 4.24

Storm Drain Design Example for Inlet No. 5

Line to Inlet 3

Existing

IN-LINE LATERALS

Di=I8

Qo= 2I.8cfs
Line to Inlet 6

OFFSET LATERALS

Invert in =477.64

OFFSET LATERALS
NEW LINE=FAR LATERAL EXISTING LINE=FAR LATERAL

In-Line New Line  Existing Line
ltem Laterals Far Lateral  Far Lateral
Gutter Elevation 481.50 481.50 481.50
Inlet Bottom Elevation 476.50 476.50 476.50
Flow Ratios

Qe/Qo 0.23 0.23 0.23
QFQo 0.33 0.44
QNQo 0.44 0.33
QHv/Qo 0.44
Qu/Qo 0.33
Pipe Size Ratios
Dyy/Do= Dyy/Do 0.67
De/Do = DN/Dg 0.67 0.67
Factor Qr/Qo x Do/Df 0.50 0.66
Qn/Qo x Do/DN 0.66 0.50
Velocity Head V02/2g, ft 047 047
Downstream Pressure
Elevation 480.04 480.04 480.04
Figure 4.11:
Factor H for existing lateral 3.0
Factor L for new lateral 0.6
KR = H-L, new lateral 2.4
K\ existing lateral 1.8
Pressure Rise new lateral Inlet 3
24x047 1.13
Exist lateral 1.8 x 0.47 0.85
(Continued)
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Offset
In-Line 3-5 Existing Line
Item Laterals New Lateral  Far Lateral
Figure 4.12 K for 3-5 Ke=20 Ky=14
K for existing Ky=1.4 Ke=1.9
Pressure Rise, new lateral 2.0 x 0.47 0.94
Pressure Rise, existing 1.4 x 0.47 0.66
Pressure Rise, new lateral 1.4 x 0.47 0.66
Pressure Rise, existing, 1.9 x 0.47 0.89
Upstream Pressure Elevation
New Line to Inlet 3 481.17 480.98 480.70
Existing lateral 480.89 480.70 480.93
Water Surface Elevation in Inlet 480.89 480.98 480.93
Clearance, gutter to water, ft 0.61 0.52 0.56
Depth of Water in Inlet, ft 4.39 448 4.43 Pressure
Conduit
USHGL @ Inlet I-6 = 479.70
Pipeline Data for I-5:
Downstream: New Line to Inlet 3: Existing Line:
Q = 218cfs Q = 73cfs Q = 95¢cfs
Length = 67.0ft D = 18inches D = 18inches
D = 27inches V = 4.13fps V = 538fps
s = 0.0030 ft/ft
\Y = 548fps
Vieg = 0471
St = 0.0050 ft/ft
hy = 0341t

Inlet No. 3: Figure 4.25 illustrates I-3, using the pressure change coefficients from
Figure 4.10.

Known quantities for I-3 are:
» the gutter elevation,
» theinlet bottom elevation,
» the pipe and grate inflow rates,
» the outfall flow rate,
» the pipe diameters, and
»  the elevation of the downstream (outfall pipe) pressure line at the branch
point.

From this information, calculate the velocity head of the outfall flow, the ratios
Dy/Do, Qu/Qo and Qg /Qo, and the distance from the downstream pressure line
to the inlet bottom. Next estimate d /Do including an allowance for hyy. Next obtain
Ky from Figure 4.10 using a base value from the lower graph and adding an
increment from the upper graph for d/Dg = 2. Multiply the total for K by the
velocity head in the outfall to obtain hy, the change of pressure. Add hy to the outfall
pressure line elevation to obtain the elevation of the upstream in-line pipe pressure
line at the branch point. The pressure line of the lateral pipe and the water surface
in the inlet will correspond to this upstream in-line pipe pressure elevation. Finally,
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Figure 4.25
Storm Drain Design Example for Inlet No. 3
(Use Figure 4.10 for Calculations)

483.94
OG\

Line tq Inlet 2 : Line to Inlet 5 Pressure Line |
\\/2\- = o NN
: Q=73 Kuzi .
: | : — | —Pressure Line
D= 18"

Qo
Line to Inlet 4 IDR:IZN
479 44 el Line to Inlet 5
Q=16 479.69
PLAN ELEVATION

ltem -3
Gutter Elevation 483.94
Inlet Bottom Elevation 479.19
Grate Inflow, Qg, cfs 15
Upstream In-Line Flow, Qg 42
Right Lateral Flow, Qg 16
Outfall Flow, Qo, cfs 7.3
Outfall Pipe Diameter Do, inches 18.0
Outfall Velocity Head V’/2g, ft 0.26
Flow Ratios Qu/Qq 0.58

Qe/Qo 0.21
Pipe Size Ratio Dy/Dg 0.83
Downstream Pressure Elevation 482.12
Pressure Elevation Above Bottom 293
Estimated d/Dg 2.1
Pressure Rise Coefficient for U.S. Main and Lateral

Figure 4.10 Ky = 1.07 +0.28 1.35
Pressure Rise 1.35 x Vo/2g, ft 0.35
Upstream Pressure Line Elevation for Main and Lateral and

Water Surface Elevation 482.47
Check d/Dg 2.18
Clearance, Gutter to Water, ft 1.47
Depth of Water in Inlet, ft 3.28  Pressure Conduit
USHGL @ Inlet5 = 480.98

(continued)
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Pipeline Data for I-3:

Downstream: Upstream: Lateral:

Q = 713cfs Q = 42¢cfs Q = 16¢fs
Length = 2381t D = 15inches D = 12inches
D = 18inches V = 342fps V = 2.04fps
s = 0.0065 ft/ft

\Y = 4.13fps

Vg = 0261

S = 0.0048 ft/ft

hy = 1141t

recompute d/Dg to verify the initial estimate, and check the clearance of the water
surface below the gutter.

An alternate arrangement of the lateral pipes at I-5 can be effected to produce an
inlet with offset opposed laterals of the type to which Figure 4.12 will apply. Two
different arrangements are possible, each placing one of the laterals in the far
position. The pipe arrangement is shown in Figure 4.24, and the calculations of
pressure changes are shown in the center and right-hand columns of the tabulation
in the figure.

Known quantities are (with either placement of the laterals in the offset arrangement):
» the gutter and inlet bottom elevations,

» the flow rates,

» * pipe diameters, and

» elevation of the downstream pressure line.

These quantities are all the same as for the in-line lateral arrangement. From this
information and using the designation of the laterals as far and near in position,
calculate the ratios Qg /Qo, Qr/Qo, QN/Qg, Dr/Do, and Dn/Do. Then multiply
the flow ratio by the reciprocal of the pipe size ratio. Next, calculate the velocity
head of the outfall flow and enter the downstream pressure elevation in the
tabulations.

Figure4.12 is used to determine the pressure change coefficients, working with each
lateral arrangement separately to avoid confusion. Considering the lateral to I-3 as
the far lateral (as shown in the center column of the tabulations), K for the new
lateral is 2.0 and K for the existing line is 1.4. Each coefficient is multiplied by the
outfall velocity head to obtain the pressure rises hg and hy for the corresponding
laterals. Then each pressureriseisadded 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 lower elevation than that
of the lateral to I-3 in the far position.
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Inlet No. 2: 1-2 (Figure 4.26) illustrates an inlet for which the pressure change
coefficients in Figure 4.9 apply.

Known quantities are:

» the gutter elevation,

» theinlet bottom elevation,

» the pipe and grate inflow rates,

» the outfall flow rate,

» the pipe diameters, and

» the elevation of the downstream (outfall pipe) pressure line at the inlet
center.

From this information, calculate the velocity head of the outfall flow, the ratios
Dy/Do and Qu/Qo, and the distance from the downstream pressure line to the
inlet bottom. Next, estimate d/Dg including an allowance for hy. Next, read Ky
from Figure 4.9 (the lower graph in this case) and multiply it by the velocity head
in the outfall to obtain hy, the change of pressure. Then, add hy to the outfall
pressure line elevation to obtain the elevation of the upstream in-line pipe pressure
line, to which the water surface in the inlet corresponds. Finally, recompute d/Dg to
verify the initial estimate, and check the clearance of the water surface below the gutter.

Inlet No. 1: 1-1(Figure4.27)illustrates inlets to which Figure 4.7 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 outfall pipe diameter, and

» the elevation of the downstream (outfall pipe) pressure line.

From this information, calculate the velocity head of the outfall flow and the depth
from the downstream pressure line to the inlet bottom. Then estimate d/Do
including an allowance for hg. Then read K¢ read from Figure 4.7 and multiply it
by the velocity head in the outfall to obtain hg, the rise of the water surface elevation
above the pressure line. Finally, add hg to the outfall pressure line elevation to
obtain the water surface elevation; recompute d/Dg to determine the accuracy of
the initial estimate; and check the clearance of the water surface below the gutter.
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Figure 4.26
Storm Drain Design Example for Inlet No. 2
(Use Figure 4.78 for Calculations)

0. 1 48469
Q=18 .
\“ " y L — Water Surface
ressure Line | |_— 483.15

_ s . Z~ Pressure Line
%00_52 KUVo}‘ T

‘—-’—J Line fo Inlet | .
D,=12" D=15" i;g@o Inlet 2
Line to Inlet | Line to Inlet 2
48025 | 4800
PLAN ELEVATION
Item I-2
Guitter Elevation 484.69
Inlet Bottom Elevation 480.01
Qgcfs 1.8
Qyecfs 24
Qocfs 42
Do, inches 15.0
Outfall Velocity Head Vo /2g, ft 0.18
Downstream Pressure Elevation 483.15
Pipe Size Ratio Dy/Dg 0.80
Flow Ratios Qu/Qo 0.57
Pressure Elevation Above Bottom, ft 3.14
Estimated d/Dg 27
Figure 4.9: Ky = Kg 1.40
Pressure Rise Kg x V02/2g, ft 0.25
Upstream Pressure Line and Water Surface Elevation 483.40
Check d/Dg 272
Clearance, Gutter to Water, ft 1.29
Depth of Water in Inlet, ft 3.39  Pressure Conduit
USHGL @ Inlet 3 = 482.47
Pipeline Data for I-2:
Downstream: Upstream:
Q = 42cfs Q = 24cfs
Length = 162ft D = 12inches
D = 15inches V = 3.06fps
s = 0.0035 ft/ft
v = 342fps
Vieg = 0481
St = 0.0042 ft/t
hy = 0681t
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Figure 4.27
Storm Drain Design Example for Inlet No. 1

(Use Figure 4.7 for Calculations)

a o Q | All flow enters through grate
5x 2 box w/top grate 6
Vo
QG 00 I‘ KG '2—
Q ] : Water Surface
i
d . 4 ———— Pressure Line
Qutfall pipe from inlet
box side Qp=Qg =2.4cfs
D
PLAN ELEVATION
ltem -1
Gutter Elevation 486.28
Inlet Bottom Elevation 482.00
Qg =Qo, cfs 24
Do, inches 12.0
Outfall Velocity Head Vo//2g, ft 0.14
Downstream Pressure Elevation 484.34
Pressure Elevation Above Bottom, ft 2.34
Estimated d/Dg 28
Water Depth Over Pressure Line
Figure 4.7:Kg 33
Rise, Kg x Vo129, ft 0.46
Water Surface Elevation 484.80
Check d/Dg 28
Clearance, Gutter to Water, ft 1.48
Depth of Water in Inlet, ft 2.80 Pressure Conduit
USHGL @ Inlet2 = 483.40
Pipeline Data for I-1:
Q = 24cfs
Length = 208 ft
D = 12inches
s = 0.0084 ft/it
\Y = 3.06fps
Vg = 0.18ft
St = 0.0045 ft/t
by = 0.941t
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4.2.5.2 Lateral Calculations: 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 repetitive in procedure have not been included in the example computations.

MH-6: MH-6is a typical round manhole using data from Figure 4.13. Calculations
for determining the pressure change coefficients for MH-6 are presented in Figure
4.28.

Known quantities are:

»  the elevations of the top and bottom (flowline) of the manhole,

» the manhole diameter,

» therate 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 this information, calculate the ratios Dy /Do and B/Dg, and the velocity head
of the outfall flow. Figure 4.13 (for square manholes) is used to obtain the pressure
change coefficient K even though MH-6 is round (where Qr, = Qo, K1, = K1.*). First,
read K, for a square manhole from Figure 4.13 at Di.,/Do = 1.00 and B/Dgp = 1.33,
reducing this value by 0.1 for the round manhole in accordance with Table 4.3. The
outfall pipe entrance is sharp-edged in this case, so no further reduction is made.
Next, multiply Ki* by the outfall velocity head to obtain hy, the change of pressure
(or pressurerise) at the manhole. Finally, add hy, to the outfall pressureline elevation
to obtain the elevation of the lateral pipe pressure line at the branch point, or
manhole center.

Use Figure 4.14 to obtain the water-surface elevation in the manhole. For MH-6, the
coefficient Ky* (an upstream in-line pipe with no flow, Qr./Qo = 1.00) is found to
be 1.73 from Figure 4.13. This coefficient will define the depth of water above the
downstream pressure line for no in-line flow, whether or not the in-line pipe is
actually present. Then, multiply Ky* by the outfall velocity head to obtain hy, the
depth of water over the outfall pressure line. Next, add hy to the elevation of the
outfall pressure line at the branch point to obtain the elevation of the water surface
in the manhole. Finally, check the clearance of the water surface below the manhole
top.

MH-7: Use Figure 4.16 to determine the pressure change coefficients for MH-7
(Figure 4.29).

Known quantities are:

» the gutter elevations,

» the manhole bottom elevation,

» the flow rate,

» the pipe diameter,

» the deflection angle and characteristics, and

»  the elevation of the downstream pressure line.

From this information, determine the velocity head of the outfall flow. Read the loss
coefficient K from Figure 4.16 and multiply it by the outfall velocity head to obtain

117




Storm Drains

Figure 4.28
Storm Drain Design Example for Manhole No. 6
(Use Figure 4.16 for Calculations)

j 478.2|
/

_ 1 | Water Surface
2 Pressure Line ;

L2, 0, 1 Pressure Line

Q

1 Line to MH-4 4 4716l
1Q0=25.0 v
Line to MH-7
PLAN ELEVATION
Item MH-6
Top of Manhole Elevation 478.21
Bottom Manhole Elevation 47161
Lateral Flow Q, cfs 25.0
Outfall Flow Qo, cfs 25.0
Outfall Pipe Diameter Do, inches 30.0
Pipe Size Ratio D/Do, 1.00
Manhole Diameter B, inches 48.0
Manhole Size Ratio B/Dg 1.60
Outfall Velocity Head V02/29, ft 0.40
Downstream Pressure Elevation 475.96
Pressure Rise Coefficient (square-edged entrance),
Figure 4.13 K for square manhole 1.55
Ky for round (less 0.1) 1.45
Pressure Rise 1.4 x 0.40 ft 0.58
Upstream Pressure Line Elevation 476.54
Water Surface (Figure 4.14 Ky*) 1.73
Water Depth Over Outfall Pressure - 1.73 x 0.40 ft 0.69
Water Surface Elevation 476.65
Clearance, Water Below Top, ft 1.56
Depth of Water in Manhole, ft 5.04  Pressure Conduit
USHGL @ MH-4 = 475.36
Pipeline Data for MH-6:
Downstream: Upstream:
Q = 25cfs Q = 25¢cfs
Length = 162 ft D = 30inches
D = 30inches
s = 0.0084 ft/t
v = 5.9 fps
Viog = 040t
St = 0.0037 ft/t
hy = 0.60ft
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Figure 4.29
‘ Storm Drain Design Example for Manhole No. 7
(Use Figure 4.16 for Calculations)
| 482.52
48" dia. manhole
B L 47757
Do=32" PressweLine__t
Ve /—"’ — “~"771  Pressure Line
Ky 5
2, Dy Do
Qo= 250
ek a,
Qo
I
PLAN ELEVATION
Item MH-7
Gutter Elevation 482.52
Manhole Bottom Elevation 475.11
Upstream = Downstream Flow, cfs 25.0
‘ Upstream Pipe Diameter, inches 30.0
Downstream Pipe Diameter, inches 30.0
Qutfall Velocity Head V02/29, ft 0.40
DyDo 1.0
(This implies that there is no contraction or expansion headloss)
Deflection Angle 40°
Downstream Pressure Elevation 47747
Figure 4.17,K 0.25
Upstream Pressure Rise = K x Vozlzg 0.10
Upstream Pressure Elevation, Water Surface Elevation 477.57
Clearance, Water Below Top, ft 4.96
Depth of Water in Manhole 246  Assuming
flowing full
USHGL @ MH-6 = 476.54
Pipeline Data for MH-7:
Q = 25.0¢cfs
Length = 2500 ft
D = 30inches
s = 0.0140 ft/it
\ = 5.09fps
Vg = 040ft
St = 0.0037 ft/t
hy = 093
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the rise of the water surface above the downstream pressure line elevation. This
corresponds to the upstream pressure line elevation. Check the clearance of the
water surface below the gutter.

Inlet No. 9: Figure 4.30 is an example of the type of inlet that uses the pressure
change coefficients from Figure 4.11. The ground above I-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 elevation 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 lower section. The flow from the
upstream pipe will be treated as grate flow to the inlet. Check upstream junctions
to identify the type of flow at each junction and design accordingly.

Known quantities are:

»  the gutter elevation,

» the elevation of the inlet bottom,

» the lateral pipe inflow rates,

» the outfall flow rates,

» the pipe diameters, and

»  the elevation of the downstream 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 right lateral, looking downstream, is the higher velocity
lateral. From the given data and the above determination, calculate the ratios
Qc/Qo, Quv/Qo, Quv/Qo, Duv/Do, DLy/Do, and Dyy/Dry (=1.50). Next,
determine the velocity head in the outfall pipe. Read the pressure factors H and L
from Figure 4.11, and identify, by the lateral, to which the Dand Q of the two graphs
apply. The difference between H and L (3.1 - 0.6 = 2.5) is the pressure change
coefficient K, = KLy, the lower velocity lateral. The constant coefficient Kr = Kyy
is 1.8 because the upstream flow is treated as grate flow entering an inlet. Each
coefficient is multiplied by the velocity head of the outfall flow to obtain the pressure
changes, hy v and hyy, for the laterals. The pressure change is always positive and
so produces a rise in pressure upstream. The pressure rise, hry, is used to obtain
the pressure line elevation on the higher velocity lateral. The water surface elevation
corresponds to the latter pressure line. Check the clearance of the water surface
below the gutter.
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' Figure 4.30
Storm Drain Design Example for Inlet No. 9
(Use Figure 4.11 for Calculations)
483.00

Q,=30(v=381ps)
) | 47859
" —D=12 Water Surface
B-es D,=30" Q e

° |~ Pressure Line
Q=250 47900

Do

Q,=15.0 s [
. % /
Y24 C+ ) Qo
5x4 box -
|\\4?5.35
Qg=7.0(v=4.0fps)
PLAN ELEVATION
Item 1-9
Gutter Elevation 483.00
Inlet Bottom Elevation 475.35
Flow Ratios
. QyQo 0.60
Qn/Qo 0.28
QW/Qo 0.12
Pipe Size Ratio
Dy/Do 0.40
Di/Do 0.60
D/Dy 1.50
Velocity Head Vio/2g ft 0.40
Downstream Pressure Elevation 477.88
Figure 4.11
Factor H 3.1
Factor L 0.6
K =H-L 25
Kg = 1.8 (high velocity
lateral)
Pressure Rise Left Lateral = 2.5 x 0.40 ft 1.0
Pressure Rise Right Lateral = 1.8 x 0.40 ft 0.72
Upstream Pressure Elevation Left Lateral 478.88
Upstream Pressure Elevation Right Lateral 478.60
Water Surface Elevation 478.60
Clearance, Gutter to Water, ft 441
Depth of Water in Inlet, ft 3.24  Pressure Conduit
Downstream &
Laterals
USHGL@MH-7= 477.57

. (continued)
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Pipeline Data for |-9:

Downstream: Upstream: L. Lateral: R. Lateral:

Q = 250cfs Q = 150¢cfs Q = 30¢cfs Q = 70cfs
Length = 85ft D = 24inches D = 12inches D = 18inches
D = 30inches V = 382fps V = 396fps
s = 0.0028 ft/ft

v = 5.09fps

Vi2g = 040t

St = 0.0037 ft/t

hy = 0.0031 ft

MH-8: Althoughno figureis provided for MH-8, this discussion has been included
to illustrate junction energy loss computations with open channel flow. The follow-
ing data apply:

USHGL @ Inlet I-9 must be computed:
Q = 15.0cfs
D 24 inches Downstream
D 21 inches Upstream
Length to MH-8 = 300 feet

s = 0012t Downstream

s = 0014 Upstream

No Deflection in Manhole
Computations:

Downstream Pipe:

Q = 25.0¢cfs

Qe = 060

dD = 0.63 (Figure 4.9)

d = 1.26ft = Normal Depth

Vi = 797fps

VN = 0.90 (Figure 4.6)

v = 7.16fps

Vieg = 080ft

Downstream Invert Elevation = 48260

Downstream Energy Grade Line Elevation = 484.66

Upstream Pipe:

O = 19cfs

Qg = 079

dD = 0.75 (Figure 4.6)

d = 131ft = Normal Depth

Vi = 6.24fps

VIV; = 0.98 (Figure 4.6)

v = 6.11fps

Vieg = 058ft
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Head Losses for Expansion = 0.2 (A hv) =0.2 (0.80 - 0.58) = 0.04 ft

Downstream Energy Grade Line Elevation 484.66
+ Loss for Expansion +0.04
Upstream Energy Grade Line Elevation 484.70
— Upstream Velocity Head 0.58
— Upstream Depth of Flow 1.31
Upstream Invert Elevation 48281

Inlets 4 and 7: 1-7 (Figure 4.31) uses Figure 4.7 for box-side outfall. I-4 (Figure 4.32)
also uses Figure 4.7, but 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,

the inlet bottom elevation,

the inflow rate,

the outfall pipe diameter, and

the elevation of the downstream (outfall pipe) pressure line.

From this information, calculate the velocity head of the outfall flow and the depth
from the downstream pressure line to the inlet bottom. Then estimate d/Do
including an allowance of hg. Then read Kg from Figure 4.7 and multiply it by the
velocity head in the outfall to obtain hg, the rise of the water surface elevation above
the pressure line. Finally, add hg to the outfall pressure line elevation to obtain the
water surface elevation; recompute d/Do to verify the initial estimate; and check
the clearance of the water surface below the gutter.

Figure 4.33 provides a profile for the design example discussed in this section.
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Figure 4.31
Storm Drain Design Example for Inlet No. 7
(Use Figure 4.7 for Calculations)

7 Q 3 All flow enters through grate
5 x2 box w/top grate G\\ ,/ i
] Vo
Qs Do ' {Ksz
\ % Q ] Water Surfoce
9
d T —— —— Pressure Line
Qutfall pipe from inlet '
box side TTTQ0=Qs
Do
PLAN ELEVATION
Item 1-7
Gutter Elevation 483.77
Inlet Bottom Elevation 479.00
Qg =Qo, cfs 26
Do 120
Ouitfall Velocity Head V02/2g ft 0.17
Downstream Pressure Elevation 480.86
Pressure Elevation Above Bottom, ft 1.86
Estimated d/Dg 25
Water Depth Over Pressure Line
Figure 4.7, Kg 3.7
Rise, Kg X Vo129 0.63
Water Surface Elevation 481.49
Check d/Dg 249
Clearance, Gutter to Water, ft 2.28
Depth of Water in Inlet, ft 249
USHGL @ Inlet6 = 479.70
Pipeline Data for I-7:
Q = 26¢fs
Length = 218 ft
D = 12inches
s = 0.0055 ft/t
v = 331fps
Vg = 0.17ft
St = 0.0053 ft/t
hy = 1.16




Closed Condults

Figure 4.32
Storm Drain Design Example for Inlet No. 4
(Use Figure 4.7 for Calculations)
Qo
[20 i
Qth'oltl‘opipe ;rom Q '/ All flow enters through grate
inlet box en G
\j vz
0
5x2 box 4+~ TR, /KGZQ Water Surface
w/fop grate
d ! T —Pressure Line
Q,=Q,
PLAN ELEVATION
Item 1-4
Guitter Elevation 483.94
inlet Bottom Elevation 480.50
Qg =Qo, cfs 16
Dginches " 120
Outfall Velocity Head Vg /2g ft 0.06
Downstream Pressure Elevation, ft 482.60
Pressure Elevation Above Bottom ft 2.10
Estimated d/Dg 25
Water Depth Over Pressure Line
Figure 4.7 Kg " 5.0
Rise, Kg x Vo /29, ft 0.30

Water Surface Elevation 482.90
Check d/Dg 22.40
Clearance, Gutter to Water, ft 1.04
Depth of Water in Inlet, ft 240
USHGL @ Inlet 3 = 48247
Pipeline Data for |-4:

Q = 186¢fs

Length = 67.0ft

D = 12inches

S = 0.0121 ft/it

v = 204 fps

Vg = 006ft

St = 0.0020 ft/ft

hy = 0.13

November 1991 1 25




Storm Drains

9

(74 4

Figure 4.33
Profile of Example Problem Sewer

Showing Hydraulic Properties

Noven{ggr 1991
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Culverts

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. 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.

4.3.1 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 Culvert Criteria

4321 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.

4.3.2.2 Minimum Velocity: A minimum velocity of 2.5 feet per second at design
capacity is recommended to assure a self-cleaning condition during partial depth
flow.

4.3.2.3 Maximum Velocity: As a practical limit, outlet velocities should be kept
below 15 feet per second unless special conditions exist. 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 must be provided. Outlet
velocities may exceed permissible downstream channel velocities by up to 10
percent without providing outlet protection if the culvert tailwater depth is greater
than the culvert critical depth of flow under design flow conditions. Tables 5.1 and
5.2 (pages 212 and 213) outline the permissible velocities for several channel lining
materials.

4.3.2.4 Materials: Theselection ofa 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 nonrein-
forced), corrugated aluminum, and corrugated steel. Culverts may also be lined
with other materials to inhibit corrosion and abrasion. Linings are not recom-
mended 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.
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4.3.2.5 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. Minimum cover should be
measured from the top of subgrade.

4.3.2.6 Depth For Road Crossing

Culverts for collector and arterial streets 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 ponded headwater elevation should be delineated on
a contour map or using other surveying methods, as required.

In general, dip sections are not allowed, however, 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. Use of dip sections must
be approved by the governing municipality. 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.

4.3.2.7 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 aligned with the natural channel are less susceptible to
sedimentation problems.

Skewed Channels: A good culvert design is one that limits the hydraulic and en-
vironmental stress placed on the existing natural water course. This stress can be
minimized by designing a culvert which closely conforms to the natural stream in
alignment, grade, and width.
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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.

The alignment of a culvert barrel with respect to a line normal 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 4.34).

The barrel skew is established from the stream location and the proposed or existing
roadway plan. The advantages of using a natural stream alignment include a
reduction of entrance losses, equal depths of scour at the footings, less sedimenta-
tion 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 4.35). 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 considera-
tions 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.

ZERO
SKEW

LEFT SKEW ANGLE ANGLE RIGHT SKEW ANGLE

N ' / /& ROADWAY

0 o

FLOW
PL Q

Figure 4.34
Barrel Skew Angle
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BARREL SKEW ANGLE

Figure 4.35
Inlet Skew Angle

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:

H; = (V,72g)sina @.5)

Typical headwall/wingwall configurations for skewed channels are shown in
Figure 4.36.

Bends: A straight culvert alignment is desirable to avoid clogging, increased con-
struction 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 transi-
tion 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.
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FLOW SKEWED TO EMBANKMENT

FLOW AND CULVERT SKEWED |
TO EMBANKMENT ‘

‘ Figure 4.36
Typical Headwall/Wingwall Configurations
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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 50 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:

Hy = Ky V?%/2g 4.6)

Hy, isadded to the other outlet losses. Figure 4.16 (page 95) can be used to determine
loss coefficients (Kp) for bend losses in conduits flowing full.

The broken back culvert, shown in Figure 4.37, 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,
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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 thelower 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 aresult, a large
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 embank-
ment fill heights are less than 1.5 times the pipe diameter or fill slopes are flatter
then 1 to 1, 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 requirerelatively easy pedestrianaccess todrainage 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 used 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 cost-effective trash collectors can be retroactively added without a reduction of

November 1991 il ' e




Closed Conduits

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 used.

Safety devices can be divided into two types (U.S. Bureau of Reclamation):
Category I - Devices that Limit or Deter Access

» Fencing

» Guard rails

» Warning signs

» Pipe safety barriers

Category II - Devices that Permit Escape

» Safety nets

» Safety cables
»  Safety racks

» Safety ladders

An important distinction between these two categories is that Category II, Safety
Devices, may also impede the flow of stormwater into or through drainage facilities.
There are three categories of safety to consider:

1. Life and Health
2. Traffic
3. Property

Primary safety issues are life and health safety; however, protection of traffic and
property are also concerns. Lifeand health hazards are classified according to Table
4.4 (Source: U.S. Bureau of Reclamation).

From Table 4.4, all of the Phoenix Metropolitan Area would be categorized by
classes A, B, or C. Considering growth potential, there are probably few areas of the

Table 4.4

Classification of Hazard Exposures
Class A |Waterways adjacent to schools and recreational areas, such as playgrounds, subject to
frequent visits by children.
Class B  |Waterways nearby or adjacent to urban areas or highways and subject to frequent visits by the
public.
ClassC [Waterways nearby or adjacent to farms or highways which could be subject to visits by children
seeking recreation.
ClassD |Waterways far removed from any dwelling, subject to infrequent visits by operating personnel
and an occasional sportsman.
Class E |Waterways that would be a hazard to domestic animals.
Class F  |Waterways that would be an extreme hazard to big game animals.
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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 trafficand 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, for the most part, mutually exclusive.
However, reasonable levels of protection can be provided to people exercising
reasonable judgement even when the structure is performing its primary function,
i.e., efficiently passing storm water.

The basic 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 4.4:

» Side slopes in channels steeper than 4(H):1(V) for concrete, grass and earth
linings, and 3(H):1(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.

» 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 percent will be used on all trash racks, and in areas that are
considered a Class A hazard, the velocity through the rack shall be less than or equal
to 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 4.2.3.

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 prevent the flap gate from opening or
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that the design of the outlet structure will reduce downstream sedimentation that
would prevent the flap gate from opening.

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 safety should not compromise those standards.

» 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 com-
promise for life and health safety.

4.3.2.8 Inlets: Culvertinletsare used to transition the flow from a ponded condi-
tion 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 4.3.4 give the required headwater depth to pass the design discharge
through several types of culvert entrances. The hydraulic capacity of a culvert may
be improved 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. Design charts for improved inlets are contained in Hydraulic Design
of Highway Culverts FHWA September 1985). It should be noted that improving
culvert inlets will cause the greatest increase in culvert capacity when the culvert is
operating in inlet control.

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 using more of the
barrel capacity.

A beveled-edge provides a decrease in flow contraction losses at the inlet and K 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 con-
structed as shown in Figure 4.38.
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Side-tapered inlets have an enlarged
face area accomplished by tapering
sidewalls as shown on Figure 4.39. It
provides anincrease in flow capacity
of 25 to 40 percent over square-
edged inlets. There are two types of
control sections for side-tapered in-
lets: face and throat control. The ad-
vantages of side-tapered inlet under
throat control are: reduced flow con-
traction at the throat and increased
head at the throat control section.

Figure 4.38 : : . .
Inlet Bevel Detail Slope-tapered inlets provide addi-

tional head at the throat section as

shown on Figure 4.40. 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
faceand 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.

The inlet control nomographs contained in Section 4.3.4 do not apply to the
condition when drop inlets are used with or without grates. The turbulence caused
by the flow dripping into the inlet box causes additional losses that are not ac-
counted for in the inlet nomographs. When drop inlets are used, the headwater
depth should be determined using Figure 4.7 (page 74) for catch basins with inlet
flow only. 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.

Prefabricated steel inlet end sections (Figure 4.41) 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.

Because of the potential for inlet uplift failure and inlet damage from other sources,
concrete headwalls are required on all culvert installations unless it can be shown
that these dangers do not exist. In those cases, metal end sections such as those
shown in Figure 4.41 may be used.

4.3.2.9 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. Some means for flow transition 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. Energy dissipation structures are presented in Chapter 6.
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' 4.3.3 Design Procedures

4.3.3.1 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 under-
standing 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 4.42). 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 4.3.4
are used in the design process. For the following discussion, refer to the schematic
inlet control nomograph shown in Figure 4.43.

1. Locate the selected culvert size (point 1) 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 1)
through the flow rate (point 2) and mark a point on the firstheadwater/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 section to the energy grade line. HW equals
the required headwater depth (HWj). If trash racks are used, add trash rack
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 Section 4.3.4 are used in the design process. For illustration, refer to
the schematic critical depth chart and outlet control nomograph shown in Figures
4.44 and 4.45, respectively.

1.  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.




Figure 4.42

Culvert Design Form
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Critical Depth, d,

Enter the appropriate critical depth chart (Figure 4.44) with the flow rate and
read the critical depth (d¢). 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 d¢ > 0.9D, consult the Handbook of Hydraulics by King
and Brater, or other hydraulic references.)

Calculate (dc + D)/2

Determine the depth from the culvert outlet invert to the hydraulic grade line
(ho).

hy = TW or (d.+ D)/2, whichever is larger. 4.7)

From Table 4.6 (page 153) obtain the appropriate entrance loss coefficient, ke,
for the culvert inlet configuration.

2 I " :
| | I |
200 400 600 800 1000
Flow Rate, Q
Figure 4.44

Critical Depth Chart (Schematic)
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Determine the losses through the culvert barrel, H, using the outlet control
nomograph (Figure 4.45) or appropriate equations if outside the range of the
nomograph.

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:

Ly = Lim /n]2 4.8)

Then use Lj rather than the actual culvert length when using the outlet
control nomograph.

b) Using a straightedge, connect the culvert size (point 1) with the culvert
length on the appropriate ke scale (point 2). This defines a point on the
turning line (point 3).

¢) 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, the energy loss through the culvert, including entrance, friction,

and outlet losses.
Calculate the required outlet control headwater elevation.
ELy = EL, + H + hy (4.9)

where ELg is the invert elevation at the outlet.

If the outlet control headwater elevation exceeds the design headwater eleva-
tion, 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.

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 (Figure 4.46). Normal depth for circular and
rectangular culverts can be found using Figure 4.52 (page 154).

If the controlling headwater is in outlet control, determine the area of flow at
the outlet based on the barrel geometry (see Figure 4.47) 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
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culvert barrel must have adequate cover, the length should be close to the ap-
proximate 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 (d. + D)/2. 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 0.75D,
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 performance
curves is presented in Section 4.3.3.4 and example problem number 4 in Section
4.3.5.4 (page 181) contains a performance curve calculation.

43.3.2 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.

All reservoir routing procedures require three basic data inputs: 1) 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 road-
way 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. Hydraulic Design of Highway Culverts (FHW A 1985), contains a procedure to aid
in selecting an initial culvert size based on an estimated peak discharge achieved
from storage routing.
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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 (page 74) 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.

4.3.3.3 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] v [V?,/Zg] sin O, (4.10)

The expected loss from a trash rack is greatly affected by the approach angle. The
loss computed by Equation 4.10 should be multiplied by the appropriate value from
Table 4.5, when the approach channel and culvert are at an angle to each other.

4.3.3.4 Performance Curves: Performancecurvesarerepresentations of flow rate
versus headwater depth or elevation for a culvert. Because 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. Table 4.5

Loss Factors for Approach Angle
Inlet Control: Theinletcontrol perfor- Skewed to Entrance
mance curves are developed using the Approach Angle,
inlet control nomographs of Section degrees Loss Factor
4.3.4. The headwaters corresponding 5 04
to the series of flow rates are deter- 2 1'7
mined and then plotted. The transition :
zone is inherent in the nomographs. ;g 2'3
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Outlet Control: The outlet control performance curves are developed using the
outlet control nomographs of Section 4.3.4. 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 4.3.5.

Roadway Overtopping: A performance curve showing the culvert flow as well 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 following
steps:

1. Select a range of flow rates and determine the corresponding headwater
elevations for the culvert flow alone. These flow rates should fall 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.

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 Equation 4.11 to calculate flow rates across the roadway.

4.  Add the culvert flow and the roadway overtopping flow at the corresponding
headwater elevations to obtain the overall culvert performance curve.

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 4.48 depicts an overall culvert performance curve
with roadway overtopping. Example problem number 4 in Section 4.3.5 illustrates
the development of an overall culvert performance curve. The 100-year discharge
should be identified on the performance curveand the corresponding depth of flow
over the roadway.
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Figure 4.48
Culvert Performance Curve with Roadway Overtopping

4.3.3.5 Roadway Overtopping: Roadway overtopping will begin as the head-
water 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:

Qo = K; C; Ls (HW) 1° @.11)
The charts in Figure 4.49 indicate how to evaluate the correction factors K¢ and C;.

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 4.50).

The total flow across the roadway then equals the sum of the roadway overflow
plus the culvert flow. A performance curve must be plotted including both culvert
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flow and road overflow. The headwater depth for a specific discharge, such as the
100 year discharge can then be read from the curve.

Design example 4 in Section 4.3.5 illustrates this procedure.

4.3.3.6 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 4.51). A drainage pipe collecting 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 tur-
bulence 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 full, the junction loss is
calculated using the equations given below. Thelossis thenadded to the other outlet
. control losses.
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Closed Conduits

MAIN

STREAM CPIPE 1

Figure 4.51
Culvert Junction

The formula for y * is based on momentum considerations and is as follows:

, _ (QaVo—1V1-Q3V3cos ;) (4.13)
(05(A1+A2) 9)

4.3.4 Design Aids

4.3.41 Culvert Design Form: The Culvert Design Form(Figure 4.42, page 140) 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 identifica-
tion. Summaries of hydrologic data of the form are also included. At the top rightis a
small sketch of the culvert with blanks for inserting important dimensionsand 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 eleva-
tions. 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.

Table 4.6 and Figures 4.52 through 4.72 should facilitate completion of the Culvert
Design Form.




Culverts

Table 4.6
Entrance Loss Coefficients
Outlet Control, Full or Partly Fél" Entrance Head Loss
He =ke (V7/29)
Type of Structure and Design of Entrance Coefficient kg
Pipe, Concrete
Projecting from fill, socket end (grove-end) 0.2
Projecting from fill, square cut end 0.5
Headwall or headwall and wingwalls
Socket end of pipe (groove-end) 0.2
Square-edge 0.5
Rounded (radius = 1/12D) 0.2
Mitered to conform to fill slope 0.7
End-Section conforming to fill slope 0.5
Beveled edges, 33.7° or 45° bevels 0.2
Side-or slope-tapered inlet 0.2
Pipe, or Pipe-Arch, Corrugated Metal
Projecting from fill (no headwall) 09
Headwall or headwall and wingwalls square-edge 0.5
Mitered to conform to fill slope, paved or unpaved slope 0.7
End-Section conforming to fill slope 05
Beveled edges, 33.7° or 45° bevels 0.2
Side- or slope-tapered inlet 0.2
Box, Reinforced Concrete
Headwall parallel to embankment (no wingwalls)
Square-edged on 3 edges 05
Rounded on 3 edges to radius of 1/12 barrel dimension, or beveled edges on 3 sides 0.2
Wingwalls at 30" to 75 to barrel
Square-edged at crown 0.4
Crown edge rounded to radius to 1/12 barrel dimension, or beveled top edge 0.2
Wingwall at 10° to 25° to barrel
Square-edged at crown 05
Wingwalls parallel (extension of sides)
Square-edged at crown 0.7
Side- or slope-tapered inlet 0.2
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Culverts
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Closed Conduits
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Culverts

4.3.5 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:

November

»

»

»

»

Problem No. 1:  Circular pipe culvert, standard 2-2/3 by 1/2 inch (6.8 by 1.3
cm) CMP with beveled edge or 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.

Problem No. 4: Roadway overtopping calculations and performance curve
development.

4.3.5.1 Example Problem No.1: A culvert at a new roadway crossing must be
designed to pass the 25-year flood. Hydrologic analysis indicates a peak flow rate
of 200 cfs. Use the following site information:

»

»

»

»

»

Elevation of stream bed at Culvert Face: 100 ft
Natural Stream Bed Slope: 1 percent = 0.01 ft/ft
Tailwater for 25-Year Flood: 3.5 ft
Approximate Culvert Length: 200 ft

Shoulder Elevation: 110 ft

Design a circular pipe culvert for this site. Consider the use of a corrugated metal
pipe with standard 2-2/3 by 1/2 inch corrugations and beveled edges and concrete
pipe with a groove end. Base the design headwater on the shoulder elevation with
a 2-foot freeboard (elevation 108.0 ft). Set the inlet invert at the natural streambed
elevation (no FALL).

Figure 4.73 represents a completed Culvert Design Form for this example.

Note: Figures 4.53, 4.55, 4.56, 4.57, and 4.58, and were used in this example.

1991




s

1661 J6qWeAON

199ys ubjsaq waAIN)

1 "ON Wwa|qoid ajdwex3

gL'y aanbi4

PROJECT : EYXAMPLE ?QOB[_EM Ns. 1 sTATION :  1+00 CULVERT DESIGN FORM
CHAPTER TIT . HDS No. 5 A DESIGNER 7DATE . _WIT s 118
i i or 1 REVIEWER / DATE | SMN 12019
HYDROLOGICAL DATA e, 08:0 ROADWAY ELEVATION : /0.0 ()
g [0 metHoo: RATIONAL
§ O oranace area: 125 ACO srream sore: 1:0% R——
8 [ cranneL suare:_1RAPEZOIDAL IH_
80 ROUTlNGZM_—_—D OTHER: "
DESIGN FLOWS/TAILWATER —_—
R.1. (YEARS) FLOW (cls) ™ (1) SmS,- FgLLILo ELOiLO -
Z5 200 3. s=_105
5 Ler200
CULVERT DESCRIPTION: ToTAL | FLOW HEADWATER CALCULATIONS sz
MATERIAL - SHAPE - SIZE - ENTRANCE v AL INLET _CONTROL OUTLET CONTROL §§§ Eg COMMENTS
Q |Q/N [HWi/D [ Hw; |FALL [ELn | TW d. |4ctO | ho ke H |ELpe |Z2¥ |52
AT etod ]l w | 2 G | (s) (3) 2| (s) (1) fop | © =i jioi
CME - CIRC..~ 7Z iN. - ,S‘Haom 200|200(0.36158 | = |/058]3.5 3.8 (49 |47(0.2]|2.6 | 1058|1058 |8.6 [TRY LO"(.M.P.
eMP " —pom- " 48° 143 (215 | — |lozz 4.1 4.6 4. 6.3 |108.9]1085]12.0 |TRY 60" CoNC.
Cone- ¥ — 6o iN. - STENEE 136 6.8 | — [/068 | [4.6[4.6 2.9 [1055]106.8|16.0 | TRY 54" Cone.
et ] v | v [111|297] = lwogo] ¥ | ¥ [43]43] v |47 |or.0fms0(35| oK

TECHNICAL FOOTNOTES:

(1) USE Q/NB FOR BOX CULVERTS

(2) HW| /D= HW /D OR HW,/D FROM DESIGN CHARTS

(3) FALL = HW - (ELpg- ELy¢) ; FALL IS ZERO
FOR_CULVERTS QN GRADE

(4) ELp;» HW;s EL;(INVERT OF
INLET CONTROL SECTION)

(5) TW BASED ON DOWN STREAM
CONTROL OR FLOW DEPTHIN
CHANNEL.

(6) hg * TW or (d.+D/2)( WHICHEVER IS GREATER)

m H-Eo ket (2902 L) /nl“:]vz/zg

(8) ELpo* ELg v He hy

SUBSCRIPT DEFINITIONS .
o. APPROXIMATE

f. CULVERT FACE

hd. DESIGN HEADWATER

hi. HEADWATER IN INLET CONTROL
ho. HEADWATER IN OUTLET CONTROL
I. INLET CONTROL SECTION

o. OUTLET

sf. STREAMBED AT CULVERT FACE
Ly, TAILWATER

COMMENTS / DISCUSSION .

HiGH OUTLET VELOCITY - OUTLET

PROTECTION
MAY BE NECESSARY

sk LARGER CoNDuUIT

CULVERT BARREL SELECTED .

size: _A4 IN.
suare: LIRCULAR

materia: CONC,  n 012
entrance: @ ROOVE END

SHNpuo) pasoiy



Culverts

4.3.5.2 Example Problem No. 2: A new culvert ata roadway crossing is required
. to pass a 50-year flow rate of 300 cfs. Use the following site conditions:

» ELpg: 110 ft based on adjacent structures

» Shoulder Elevation: 113.5 ft

» Elevation of Stream Bed at Culvert Face (ELgf): 100 ft

» Natural Stream Slope: 2 percent

» Tailwater Depth: 4.0 ft

»  Approximate Culvert Length: 250 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).

Figure 4.74 represents a completed Culvert Design form for Problem No. 2.

Note: Figures 4.59, 4.61, 4.62, and 4.63 are used in this solution.
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provecT : _EXANMPLE PRoBLEM No, 2 station :__{+00 CULVERT DESIGN FORM
- : " 2
Conrize.3,_yos e 5 eer L _or_L R
HYDROLOGICAL _DATA T eL, 100 ROADWAY ELEVATION : /3.5 ()
s [0 meTHoo: SCS 7
§ O oramace area:00 AC O stream swope: 2:0% T i e
8 [ cuanneL sware:_TRAPE ZOIDAL- J ; H_
80 ROUT|NGI_M[A___D OTHER l ' ™
DESIGN _FLOWS/TAILWATER —a
R.1. (YEARS) FLOW (cts) W (1) e . 950
50 300 4,0 “ °
oF . ToTAL | FLow HEADWATER CALCULATIONS «z
= CULVERT DESCRIPTION: i | o JES| .k
§E M | MATERIAL - SHAPE-SIZE - ENTRANCE [parReL INLEY__CONTROL OUTLET CONTROL g35|us COMMENTS
adidl -] o [asn [uwyo|uw, [FaLL [ELmi | TW [ g |derDf he |k, W |Elno (233 |58
8 3 @ 3 lcts) " (2) {3) (4) (5) 2 (6) (1) 8 oOTw OK T-KY
= = 5 A
SES [Coveeere- Box-6'x5'- e |300|50 | 1511 2.9| — |/079|4.0|4.2|4.6|4.6| 0.5 [3.55| 1032]/07.9)| 217 | S, Box
gz ’ M-glys'- " 1200|60(1.91 %6 | — [109.6]4.014.314.9149] 0.5 |5.2 |165.1{/09.6|20.F | CHeck Beve s
N " " ~5'y8 - g |300 |60 | 121|555 — 86|40 14.314.914.9]0.2 [4.6 | 145] l05.L{20.8] OK.

SHnpuo) pPaso|)

166} J6qUIBAON

TECHNICAL FOOTNOTES: (4) ELp= HW;s EL;(INVERT OF (6) hg * TW or (dg+D/2)( WHICHEVER IS GREATER)
(1) USE Q/NB FOR BOX CULVERTS ABERSI AT ety ) “'E‘ kgt (2902 L) /RL33 ] v2/2q
(2) HW| /D= HW /D OR HW,/D FROM DESIGN CHARTS (5) TW BASED ON DOWN STREAM (8) ELyg® ELg+ He by
CONTROL OR FLOW DEPTH IN
(3) FALL = HW} - (ELpg- EL4() ; FALL IS ZERO CHANNEL.
FOR CULVERTS ON GRADE

SUBSCRIPT DEFINITIONS : COMMENTS / DISCUSSION : CULVERT BARREL SELECTED .
o.APPROXIMATE . x

A . 5'x5' Box WiLL WORK WITH OR e GUARE

hi. HEADWA INLET CONTROL >y | DE :

ho. HEADWATER IN OUTLET CONTROL WITHout BEVELS # BEVbL’S PRO\” b& R a NQ 2

| NLET CoNTRL SECTION materiaL: _CONC, n_0l

Ei. STREAMBED AT CULVERT FACE AODITIONAL. FLOW CA PA@'T\II- enTRANCE - 95° BEVEL - 90° HEAWAIL,
L ~ —_




Culverts

4.3.5.3 Example Problem No. 3: Designaculvert to pass a 25-year flow of 180 cfs.
Minimum depth of cover for this culvert is 2 feet.

» ELpg: 105 ft based on adjacent structures

» Shoulder Elevation: 105.5 ft

» Elevation of Stream Bed at Culvert Face (ELgf): 100 ft.

»  Original Stream Slope: 5 percent

» Tailwater Depth: 4 ft

»  Approximate Culvert Length: 150 ft

Due to the low available cover over the conduit, use a horizontal elliptical concrete
pipe. Use of a small depression (FALL) of about 1 ft at the inlet is acceptable.
Refer to Figure 4.75 for a completed Culvert Design Form for this problem.

Note: Figures 4.64, 4.66, and 4.68 are used in this solution.
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O crannee share:_Semi- Circular

O oramace area: 10 AR, O stream swope: 5:0%

SEE ADD'L.SHTS.

[E/Rourmc: D%‘VS QED';D OTHER:
DESIGN FLOWS/TAILWATER

CoVvER 2! MIN,

OF

provecT : EXAMPLE Pkobrem No. 3 STATION :_2 + 00 CULVERT DESIGN FORM

CHAPTER T D3 No. 5 N " DESIGNER /DATE . _WJIT /78
ﬁ REVIEWER /DATE :IMN __ , 7/i9
HYDROLOGICAL DATA | €13,:105.0 ROADWAY ELEVATION : £25.:5 (1)

R.1. (YEARS) FLOW (cfs) TW (1) S=S,- FALL/L,
25 ,80* 410 S'—;%é%f,-)
#* APPROX. ROUTED Flow RATE Lo
CULVERT DESCRIPTION: Tow, | A HEADWATER CALCULATIONS e
MATERIAL - SHAPE - SIZE - ENTRANCE T B INLET CONTROL OUTLET CONTROL eis Eg COMMENTS
Q |Q/N |HWi/p | Hw, |FALL [ELni [ TW | g |derD | hy | K, H [ELpo |BS5 |58
(ets) | (1) (2) (3) (4) (5) ¢ 2 (6) ) 8) oxw|o> ; -
R OoY
Cone. —FoRGe - 68 "448" 2e 180 | = | 1B 71 | — | 02.1|4.0|3.2|134[4.0|05 3.7 /002|121 | — | Sheapandd
" GRoovE -
no- v - O |180) - k63|58 | - 5840 [3.2]3440]02 |3,2[99.7| msg| — [ J2osEY
- ey 180 | — | )e3]5.8 | Lo |I8]4.0 [3.2|3.44.0|0.2 | 22 |99.7 [/4.8|/4.9 |0%- DerTH oF
CoVER 0K ALsO

| FOR CULVERTS ON GRADE

TECHNICAL FOOTNOTES:

(1) USE Q/NB FOR BOX CULVERTS
(2) HW; /D= HW /D OR HW,/D FROM DESIGN CHARTS

(3) FALL * HW - (ELpg- ELy(); FALL IS ZERO

(4) ELp;* HW;+ EL;(INVERT OF
INLET CONTROL SECTION)

(5) TW BASED ON DOWN STREAM
CONTROL OR FLOW DEPTHIN
CHANNEL.

(6) hg * TW or (d.+D/2)( WHICHEVER IS GREATER)
m H-Eo ket (2902 L) /R!33 ] vZ/2g

(8) ELypo® ELg# He by

SUBSCRIPT DEFINITIONS .

COMMENTS / DISCUSSION :

a. APPROXIMATE

f. CULVERT FACE

hd. DESIGN HEADWATER

hi. HEADWATER IN INLET CONTROL
ho. HEADWATER IN OUTLET CONTROL
I. INLET CONTROL SECTION

o. OUTLET

sf. STREAMBED AT CULVERT FACE
Iy, TAILWATER

H1GH QUTLET VELOQITY — Cyeerk STREAM
BED STABILLITY

CULVERT BARREL SELECTED .

size: LR" ¥ 43"
SHAPE: 1Z0 LLIPSE
matreriaL: _CONC. n_.O0l2

enTrance: GRoovE END*l'FALl‘.
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Culverts

4.3.54 Example Problem No.4 Develop a performance curve for the installation
in Figure 4.76, below, including roadway overtopping up to 0.5 feet above the
roadway. Use the following dimensions:

Tailwater Channel:

Flow, cfs TW, ft
50 101.8
100 102.6
150 103.1
200 103.5
250 103.8
300 ' 104.2
350 104.4

Figure 4.77 represents a completed Culvert Design Form for this problem. Figure
4.78 provides the performance curve and roadway overtopping computations.

20ft WIDE PAVED CROSSING

e )

EL. 107’ N\

K
b
Bl jog et /SN,

r_
Il
N
=

2—48" CMP CULVERTS
WITH METAL END—SECTIONS
30ft LONG, n=.024

SLOPE = 0.0007 ft/ft

Figure 4.76
Example Problem No. 4
Roadway Overtopping and Performance Curve Development
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PROJECT : E‘XQMD/Q STATION CULVERT DESIGN FOrRM
! e e TS NS
£ i /’:,.,,ﬁ,.;m/o b nendrre Lo SHEET & DESIGNER /DATE: /
7 77 ¢ REVIEWER / DATE : /
HYDROLOGICAL DATA - il ROADWAY ELEVATION : __ tn
hd
g [0 meTnoo: 7
X
“ [ DRAINAGE AREA: O stream swpe: 00008 T
© o d
8 [0 CcHANNEL SHAPE: _T_'f’i?e;:‘b‘g
w
@ O roumne:_____ - [ otHer:
DESIGN _FLOWS/TAILWATER £y [22:20 () -
.1 (YEA FLOW (cf W (1t =
R.1. (YEARS) LO W (cfs) T™W (11) S=s S - FALL/L, e 7238 )
s'_f_m °
Lgtm20!
CULVERT DESCRIPTION: IF’(:;A'L 1;:%\': HEADWATER CALCULATIONS N Eg >
MATERIAL - SHAPE - SIZE - ENTRANCE INUET _ GONYROL QUILET comne. FHEE COMMENTS
Q |Q/N |HWi/D | Hw, |FALL [ELpi | TW | g fdetD | ho | K, Ho |ELne [355|5%
leta) ] () | @ | @ () 172 el m | @ |STw]o>
CHMP=Circular -48"-erd cect |3 |28 |-52 |2.08 — |02.08 1.8 | 1.5 |2.75|2.75| 0-S |0.22 |103.0
lon |0 ].78 |3.\2 | — [103.2| 2.6 |2.] |305|3.08 000|103,
150 | 7511,034.12 | — |/ot12] 3. |2.6[3.20[3.30 .35 |jo4.&0
200 |100]].20]|2.22| — |i0e.29| 3,5 | 3.0 [3.50[2.50 240|059
2<0l125]:, 631652 | — |52 2.3 | 3.4 |z10]3.80 3751075
TECHNICAL FOOTNOTES: (4) ELp;= HW;+ EL;(INVERT OF (6) hg = TW or (d.+D/2)( WHICHEVER IS GREATER)
{1) USE Q/NB FOR BOX CULVERTS INLET CONTROL. SECTION) n H-E. het (2902 L) /nl”]v?/u
CHARTS (5) TW BASED ON DOWN STREAM (8) ELpg® ELg+ H o hy

(2) HW; /D= HW /D OR HW,/D FROM DESIGN

(3) FALL * HW} - (ELpg- ELy¢) ; FALL IS ZERO
FOR CULVERTS ON GRADE

CONTROL OR FLOW DEPTHIN

CHANNEL.

SUBSCRIPT DEFINITIONS :

9. APPROXIMATE
f. CULVERT FACE
hd. DESIGN HEADWATER

COMMENTS / DISCUSSION

2nars (o

i N 7
Uzzo Zcaie (i, or

~c ' N > 4 oS
CiharT 2 tor in &Qt CJI\/VO/C?""(""'

1.2 . \
Lor outler cor tro! heao.

CULVERT BARREL SELECTED :

SI1ZE.
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Inverted Siphons

Inverted Siphons

4.4.2

4.4.3

General

Because of the resulting physical conditions, inverted siphons are rarely used in
urban drainage; however, due to the flat topography and a large number of canals
in Maricopa County, the designer may have to consider using an inverted siphon.

Inverted siphons are used to convey water by gravity under canals, roads, railroads,
other structures, and depressions. An inverted siphon is a closed conduit designed
to run full and under pressure. When flowing at design capacity, the structure
should operate without excess head.

For canal structures, inverted siphons are economical, easily designed and built,
and have proven to be a reliable means of water conveyance. However, 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 inverted siphons for stormwater do not operate on a
regular cycle. If water is left to stand, significant health hazards could result.
Inverted siphons shall be considered only when permitted by the jurisdictional
agency.

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 require-
ments for safety described in Section 4.3.2.7. 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.

Design Procedure

A design procedure and design examples are contained in Design of Small Canal
Structures (USBR 1974). Taking into consideration conditions that are more specific
to urban drainage described before, this publication can be used for most applica-
tions in Maricopa County.

184
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4.5.1

4.5.2

Closed Conduits

Entrances and QOutlets for Conduits

This section provides guidelines for design of culvert type inlets and outlets to
closed conduit systems. 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 and are
not addressed here.

Interaction with Other Systems

Closed conduit inlets and outlets provide transitions from a ponded or channelized
conditionupstream 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. To determine the controlling headwater, the
computed outlet control headwater elevation should be compared with the inlet
control headwater elevation obtained from the standard inlet control nomograph.

Special Criteria for Closed Conduits

4.5.2.1 Bank Protection: Roadway 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, such as when the 100-year discharge causes
flow over the roadway, the embankment should be protected by paving, grouted
riprap, or other means of permanent stabilization.

4.5.2.2 Entrance Structures and Transitions: Criteria for culvert entrances are
contained in Section4.3.2. 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 considera-
tions for the public.

Culvert performance can be improved by providing a smooth and gradual transi-
tion at the entrance. Improved inlet designs have been developed for culverts
operating in inlet control and are presented in Section 4.3.




Entrances and Outlets for Conduits

Supercritical flow transitions at inlets require special design consideration. For
design of supercritical flow contractions, refer to Hydraulic Design of Energy Dis-
sipators for Culverts and Channels (FHWA 1983).

4.5.2.3 Outlet Structures: Standard measures for scour protection at conduit out-
lets 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.  Sidechannel 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.

1. Culverts with outlet velocities less than or equal to 1.3 times theaverage natural
stream velocity for the design discharge shall require a cutoff wall as a
minimum for protection. Design criteria for cutoff walls are presented below.

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 in Section 4.5.3.2.

3. When outlet velocities exceed 2.5 times the natural stream velocity, an energy dis-
sipator should be provided. Several energy dissipators are described in Chapter 6.

Artificial Channel and Side Channel Outlets: Artificial channel and side channel out-
let 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 are shown in Tables 5.1 and 5.2 (pages 212 and 213).

1. Conduits with outlet velocity less than or equal to 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.
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4.5.3

Closed Conduits

3. When outlet velocities exceed 2.5 times the allowable channel velocity, an
energy dissipator should be provided. Several energy dissipators are described
in Chapter 6.

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 criteriaapplicable to cutoff walls is based on the computed scour hole
geometry. The procedure for determining the scour hole geometry is presented in
Section 4.5.3.1.

1. Thedepth of the cutoff wall shall be equal to the maximum depth of scour.

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.

4.5.2.4 Safety: Inlets and outlets to closed conduits may present dangers to the
public when access is not controlled. Refer to Section 4.3.2.7 for the safety require-
ments related to conduit inlets and outlets.

Design Procedures

45.3.1 Scour Hole Geometry: The objective of this section is to presenta method
for predicting local scour at the outlet of structures based on soil and flow data and
culvert geometry. This section has been adapted from the U.S. Army Corps of
Engineers’ Hydraulic Engineering Circular No. 14, Hydraulic Design of Energy
Dissipators for Culverts and Channels (Corps of Engineers 1975).

“The scour hole geometry 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
downstream of the culvert outlet, where Ls is the length of scour.

Empirical equations defining the relationship between the culvert discharge inten-
sity, 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 4.79.

Cohesionless Material: The general expression for determining scour geometry ina
cohesionless soil for a circular pipe flowing full is:

Dimensionless Scour Geometry = o (Q/ gVZDS/z) B {1/, )6 4.14)
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Entrances and Outlets for Conduits
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Closed Condulits

For noncircular or partly full culverts, the diameter D can be replaced by an
equivalent depth, ye:

ve = (A/2)" (4.15)

A is the cross sectional area of flow. Modifying Equation 4.14 to include the
equivalent depth results in the general expression:

Dimensionless Scour Geometry = o, (Q/ g%yi/z) B(t/ to)a (4.16)
where:
O " 0632°B-1for hs, Wy, and Lg
Qe = 0.0.63*°P~3 for Vs

The values of the coefficients o o, B, and 8 in Equations 4.14 and 4.15 are given in

Table 4.7.

Gradation: The cohesionless bed materials presented in Table 4.7 are categorized as
either uniform (U) or graded (G). The grain size distribution is determined by perform-
ing a sieve analysis (ASTM DA22-63). The standard deviation (6) is computed as:

6 = (dga/d16)" @.17)

where the values of dg4 and dj¢ are extracted from the grain size distribution. If 6 < 1.5,
the material is considered to be uniform; if 6 > 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 al, Equations 4.14 or 4.15 and the appropriate coefficients in
Table 4.7 can be used to estimate the scour hole dimensions. The sandy clay tested 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 4.14 and 4.16 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:

hs/D,Ws/D, Ls/D,orVg/D= a(p V 210 (t/1,)° (4.18)
and for other shaped culverts:
hs/ye, Ws/Ye, Ls/ Ve, 0r Vs/ye=0te (p V 2408 (t/t,)° 4.19)
where:
Oe = 0./(0.63) for hs, W, and Lg
Ce @/(0.63)° for Vs
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Entrances and Outlets for Conduits

The values of the coefficients a, B, 6, and o, in Equations 4.18 and 4.19 are presented
in Table 4.7. The critical tractive shear stress is defined as:

7¢ = 0.001 (Sp+ 180) tan (30 + 1.73 PI) .20)

where Sy 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 4.18 and 4.19 be limited to sandy clay soils with
a plasticity index of 5 to 16.

Time of Scour: Thetime 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 4.14, 4.16, 4.18, and 4.19. The tests indicate that approximately
two-thirds to three-fourths 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 4.7 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 essen-
tially the same as for the case without the headwall. The headwall should extend to
a depth equal to the maximum depth of scour.

Summary: The prediction equations presented in this section are intended to serve
along with field reconnaissance as guidance for determining the need for energy
dissipators at culvert outlets. Remember 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 proce-
dure presented is from Hydraulic Design of Energy Dissipators for Culverts and
Channels (FHW A 1983).

Design Procedure:

1. Perform a hydrologic analysis of the drainage in which the culvert is located
or is 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

DI = Q/ (glfz D 5/2) for circular culverts flowing full
D.L = Q/ (gl/z Ye 5"2) for other shapes
whereye = (A/ 2)%_
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Table 4.7
Experimental Coefficients for Culvert Outlet Scour
Nominal
Grain Scour Depth, hg Width, Wg Length, Ls Volume, Vg
Size dsq, | Equation
Material mm (below) o B 0 Oe Q. B 0 Oe o B 0 Oe o B 0 O
Uniform Sand 020 | V-iorV2 | 272 0.375 | 0.10 2.79 1173 | 0.92 0.15 6.44 16.82 | 0.71 0.125 | 11.75 | 203.36 2.0 0.375 | 80.71
Uniform Sand 2.0 V-orV-2 | 1.86 0.45 0.09 1.76 844 | 057 0.06 6.94 18.28 | 0.51 0.17 16.10 | 101.48 1.41 0.34 79.62
Graded Sand 20 V-torV-2 | 1.22 0.85 0.07 0.75 725 | 076 0.06 4.78 1277 | 041 0.04 1262 | 36.17 2.09 0.19 12.94
Uniform Gravel 8.0 V-torV-2 | 1.78 0.45 0.04 1.68 913 | 0.62 0.08 7.08 1436 | 095 0.12 761 | 6591 1.86 0.19 12.15
Graded Gravel 8.0 V-1orV-2 | 1.49 0.50 0.03 1.33 876 | 0.89 0.10 497 13.09 | 062 0.07 10.15 | 42.31 2.28 0.17 32.82
Cohesive Sandy 015 | V-iorV2 | 1.86 0.57 0.10 1.53 863 | 035 0.07 9.14 1530 | 043 0.09 14.78 | 79.73 1.42 0.23 61.84
Clay
60% Sand Pl 15
Clay PI 5-16 Various | V-3orV-4 | 0.86 0.18 0.10 1.37 355 | 047 0.07 5.63 2.82 | 033 0.09 448 0.62 0.93 0.23 248
Equations
V-1.  For Circular Culverts. Cohesionless material or the 0.15mm cohesive sandy clay: V3.  For Circular Culverts. Cohesive sandy clay with Pl = 5-16:
hs Ws Ls V. o
g B VR | Y T (g) hs Ws Ls Vo] oV (1
D \NgD g D'D’'D'" 3 | % |lb
Wity « 1Gmin. wherety = 316 min.
V-2.  For Other Culvert Shapes. Same material as above: V-4,  For Other Culvert Shapes. Cohesive sandy clay with Pl = 5-16:

hs Ws Lg
_l_l_lo
Ye Ye Ye

Ye

wherety = 316 min.

Q
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3 52
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Entrances and Outlets for Conduits

For Cohesionless Materials, or 0.15mm Sandy Clay:

2. Compute the discharge intensity when the culvert is flowing at the peak discharge.
3. Determine scour coefficients from Table 4.7.

4. Compute the scour hole dimensions from
he/D, Ws/D, Ls/D, orVs/D° = o(Q/g”D "B (t/316)°

hs/Ye, Ws/Ye, Ls/Yer of Vs/ye3 = e (Q/82y. ) B (£/316)°
For Other Cohesive Materials with PI From 5 to 16:

2. a. Compute the culvert outlet velocity in ft/sec.

Obtain a soil sample at the proposed culvert location.

c. Perform Atterberg limits tests and determine the plasticity index, PI
(ASTM D423-36).

d. Saturate a sample and perform an unconfined compressive fest (ASTM
D211-66-76) to determine the saturated shear stress, Sy, Ib/in”.

Compute the critical tractive shear strength, 1., from Equation 4.20.
f.  Compute the modified shear number pVZ/ Te

3. Determine scour coefficients from Table 4.7.

4. Compute the desired scour hole dimensions for circular culverts from:
hs/D, Ws/D, Ls/D, or Vs/D° = a(V*/1. ) P (£/316)°

or, for noncircular culverts:
he/Yer Ws/Yer Ls/Yer of Vi/ye3 = 0 (V2/1¢) P (£/316)°

4.5.3.2 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 in
Figure 4.80, with tapered sides of 2:1 for minimum tailwater and 5:1 for maximum
tailwater. Minimum 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 for minimum
tailwater should be:

Lep = D (8+17logF) (4.21)
and for maximum tailwater:

L = D (8+55logF) @.22)
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Closed Conduits
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k = 2 for minimum tailwater
k = 5 for maximum tailwater
Lgg =  Length of scour basin, ft
D = Culvert diameter, ft.
dso = Riprap median diameter
Figure 4.80

Recommended Configuration of Riprap Blanket
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Entrances and Outlets for Conduits

For Froude number less than or equal to one, an apron length of approximately
eight 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 (page 243).

4.5.4 Design Examples
The following design examples have been taken from HEC-14 (Corps, 1975). For
more details, refer to that or later editions of the Corps document.

4.5.4.1 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.

1.  The duration of the peak discharge of 50 cfs is not known. Therefore, a peak
flow duration of 30 minutes will be estimated.

2.  The circular, 30-inch C.M.P. at 50 cfs will have a discharge intensity of

DI =50/g" (30/12)” = 50/(5.67)(2.5)"? =0.89

3. The coefficients of scour obtained from Table 4.7 are:

o B 0

Depth of Scour 1.49 0.50 0.03

Width of Scour 8.76 0.89 0.10

Length of Scour 13.09 0.62 0.07

Volume of Scour 42.31 2.28 0.17

4.  Scour hole dimensions:
Depth: hy/D = o(Q/g”D P (t/316)°
= 1490890 009"®  he=131x25=328ft

Width:  We/D = 876(0.89°% 009"  Ws=621x25=155ft

Length: L¢/D 13.09 (0.89)"%2 0.09™7  L4=1029x25=25.72

Volume: Vg/D° =  42.31(0.89%22(0.09)%7  V,=21.54x15.63 = 336.67 ft°

5.  The location of the maximum scour (Figure 4.79)

0.4 (Lg) = 0.4 (25.72) = 10.3 ft downstream of the culvert outlet
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Closed Conduits

4.5.42 Scour Hole Computation Cohesive Material: Determine the scour
geometry-maximum depth, width, length, and volume of scour for an existing
circular 24-inch CM.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. Theaverage velocity at the culvert outlet is:
V=Q/A=40.0/3.14 =12.74 fps

b-e. The sandy-clay material was tested and found to have a PI of 12 and a
saturated shear strength (Sy) of 240 psi. The critical tractive shear can be
estimated by substituting into Equation 4.20.

tc = 0.001 (240 + 180) tan (30 + 1.73(12)%
0.001 (420) tan (50.76) = 0.51 1b/ft

f.  The modified shear number Sny,oq = (pV2/ Tc) is:
Snmod = 1.94 (12.74)2/0.51 = 617.4

3.  The experimental coefficients o, B, and 6 from Table 4.7 are:

o B 0
Depth 0.86 0.18 0.10
Width 3.55 0.17 0.07
Length 2.82 0.33 0.09
Volume 0.62 0.93 0.23

4. The scour hole dimensions are:
hy/D = apV 710 B (t/316)°

= 0.86(617.4)>18 (0.09)%1°  he=214x2=430ft

W,/D = 3.55617.4 0.09)%Y  W,=894x2=179ft
Ls/D = 2.82617.4° (0.09)%Y  L,=1892x2=378ft
VWD = 0.62(617.4°° (0.09)%% V. =1403x8=11225 f°

5.  Location of maximum depth of scour (Figure 4.79)

0.4 Ls =0.4(37.8) = 15.1 ft downstream of culvert outlet.
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Rational Method for Sizing Storm Drain Systems

Rational Method for Sizing Storm Drain Systems

This section provides a method of estimating the flows needed to size a storm drain
system using the Rational Equation, Q = CIA, as it is defined in Volume I of the
Drainage Design Manual (see also 8 through 11, below). It should be stressed that the
Rational Method was originally developed to estimate runoff from small areas and
that the peak generated by the Rational Method cannot be hydrologically routed.

The engineer should proceed with final hydraulic design of the system only after:

» The preliminary minor system design is completed and checked for its interac-
tion with the major runoff;

» Reviews are made of alternatives;
» Hydrological assumptions are verified; and
» Final data is obtained on street grades and elevations.

The following paragraphs provide an outline of the the Storm Drainage System
Preliminary Design Data Form (Figure 4.81), which was created to help the designer
estimate flows for stormdrainsizing. This formis for theaveragesituationand varia-
tions will often be necessary to fitactual field conditions.

1. Location of Design Point: Determine design point location and list. This design
pointshould correspond to the subbasinillustrated on the preliminary layout map.

2. Basins: List basins contributing runoff to this point which have not previously
beenanalyzed.

3. Length, ft: Enterlength of flow path between previous design point and design
pointunder consideration.

4. Inlet Time, minutes: Determine theinlettimein minutes for the particulardesign
point. For the first design point on a system, the inlet time will be equal to the time of
concentration. For subsequent design points, inlet time should also be tabulated to
determineifit may be of longer duration than theaccumulated time of concentration
from upstream basins. If the inlet time exceeds the time of concentration from the
upstream basin, and the area tributary to the inlet is of sufficient magnitude, the
longer inlet timeshould besubstituted for time of concentrationand used for thisand
subsequentbasins.

5. Street Flow Time, minutes: Entertheappropriate flowtimebetweenthe previous
design point and the design point under consideration. The flow time of the street
should be used if a significant portion of the flow from the above basin is carried in
thestreet.

6. Pipe Flow Time, minutes: Pipe flow time should generally be used unless thereis
significant carry-over fromabovebasinsin the street.
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Closed Conduits

7. Time of Concentration, minutes: The time of concentration is either inlet time or
the summation of the previous design point time of concentration and the interven-
ing flow time, whichever produces the greater peak discharge.

8. Coefficient “C"”: Rational Method Runoff Coefficient, “C,” from the Drainage
Design Manual for Maricopa County, Volume I, Hydrology (FCD 1990, Table 3.2), for the
basins listed in Column 2 should be determined and listed. The “C” value should be
weighted if thebasins containareas with different “C” values.

9. Intensity “I,” inches/hour: The intensity to be applied to the basins is obtained
from the time-intensity-frequency curve developed for the specific area based upon
thedepth-duration-frequency curvesin Drainage Design Manual for Maricopa County,
Volume I, Hydrology. The intensity is determined from the time of concentration and
thedesign frequency for this particular design point.

10. Area “A,” acre: Thearea of the basins (in acres) listed in Column 2 is tabulated
here. Subtract ponding areas which do not contribute to direct runoff such asrooftop
and parkinglot ponding areas.

11. Direct Runoff “Q,” ¢fs: Direct runoff from the tributary basins listed in Column
2is calculated and tabulated here by multiplying Columns8, 9,and 10 together.

12. Other Runoff, cfs: Runoff from other sources, such as controlled releases from
rooftops, parking lots, base flows from groundwater, and any other source, is listed
here.

13. Summation Runoff, cfs: The total of runoff from the previous design point sum-
mation plus the incremental runofflisted in Columns 11 and 12 is listed here.

14. Street Slope, percent: The proposed streetslopeislisted in this column.

15. Street Allowable Capacity, cfs: The allowable capacity for the street is listed in
this column. Allowable capacities should be calculated in accordance with proce-
duresset forth in Section 3.2.

16. Pipe Slope, percent: Listthe proposed pipe grade.

17. Pipe Size, inches: List the required pipe size to convey the quantity of flow
necessary in the pipe.

18. Pipe Capacity, cfs: List the capacity of the pipe flowing full with the slope ex-
pressed in Column 16.

19. Street Design, cfs: Tabulate the quantity of flow to be carried in the street.

20. Street Velocity, fps: Listtheactual velocity of flow for the volume of runoff to be
carried in thestreet.

21. Pipe Design, cfs: Listthequantity of flow determined to be carried in the pipe.

22. Pipe Velocity, fps: Tabulate theactual velocity of flow in the pipe for design.
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23. Remarks: Include any remarks or comments which may affect or explain the
design. The allowable quantity of carry-over across the street intersections should
oftenbelisted for the minordesign storm. When routing the major storm through the
system, required elevations for adjacent buildings can often belisted in this column.

Design Example

Figure 4.82representsacompleted Storm Drainage System Preliminary Design Data
form. The data contained in Figure 4.82 is intended to supplement the information
shown in Figure 4.17 for the hydraulic design example in Section 4.2.5. Because junc-
tion losses are ignored in this analysis, the pipe roughness coefficient factor is to be
increased by 25 percent.

All basic data are shown in Figure 4.82. The entire area is assumed to be residential
and the streets are either local or collector. The design frequency is 10 years, and the
points of beginning for the storm drain have been assumed. The purpose of this
analysis is to demonstrate the use of the Rational Method for preliminary design of
storm drains. Unless computed in the Figure 4.82, times of concentration, T, are as-
sumed.

Be aware that pipe diameters may change in final design from preliminary design;
however these effectsare generally cancelling and canbeignored. Whenthereisanet
change of pipe diameters (non-cancelling) in 20 percent of the pipe length, the designer
should reanalyze to insure system integrity (higher discharges and shorter time of
concentration) or eliminate wasted investment (lower discharges and lower times of
concentration). Ifa different type of pipe with a large difference in roughness factors
is used (RCP vs. CMP), the system must be designed using both materials.

After the system has been designed according to the summation method of the Ra-
tional Method, the 100-year runoffis conveyed through the stormdrainsystem toin-
sure that structural flooding criteria are met for that event. Because the analysis is
similar, it is not shown here. The designer should be aware that the “C” factors must
be increased by 25 percent for the 100 year event in the Rational Formula (maximum
=1.0) and the flow time from point to point is determined by the length and velocity
of gutter flow (as compared to the time of flow in pipes used to size the system).

Of special note is the hydraulic (final) design of the lateral which enters MH-4 from
Basins 9and 10. The hydraulicdesign example was done for the design conditions for
the overall system. In reality, the system must also be hydraulically designed for the
higher discharge (26.9 cfs) emanating from Basins 9 and 10. This is true of all laterals
and inlet connector pipes.

The methodology is to determine the flow from the mainstem when the peak flow
from Basins 9 and 10 occurs. This is a trial and error process starting at some point
between I-1and MH-4. This can beapproximately determined by progressively sub-
tracting the flow times (proceeding upstream) obtained in the preliminary design of
the main trunk. The new starting point will be when the T at a design point equals
the T, after subtracting flow time to that point. Using the pipes as originally deter-
mined, new discharges are computed at the point in question to obtain the discharge
in themainstem when the higher lateral flow enters.
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Open

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 and urbanization drainage. In the hydraulic
analysis and design of bridges and culverts, open channel hydraulic principles are
used 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, and 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. This chapter examines channel design for common
urban applications, including 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. Checklists of the requirements and
resources to be used for the more complex channel designs are included in Section 5.5.
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5.1.1

5.1.2

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 carried 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 checklist of technical matters to consider and a
list of references which supports the checklist.

When land is developed, runoff from urban areas is concentrated to control
stormwaters and provide a healthy environment. Even for small basins, con-
centrated 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 approved disposal 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 stormwaters, often
within a limited right of way. This chapter addresses design of rigid channels.

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 Agency (FEMA). The Flood Control District of Maricopa
County and most communities issue floodplain use permits for activities within
FEMA floodplains, and drainage permits for activities located outside them. This
system has evolved due to two separate statutory authorities resulting in two
separate regulations. When developing designs in flood-prone areas be aware that
even though the project is located in what a geomorphologist would classify a
floodplain, if it has not been mapped and published by FEMA, then—from a
regulatory standpoint—it is not considered a floodplain. In that case, the developer
would be required to obtain a drainage permit instead of a floodplain use permit.

Regulation of floodplains has been undertaken by authority contained in the
National Flood Insurance Program. Engineers designing open channels or analyz-
ing floodplains are faced with the provisions of the program; therefore, the follow-
ing 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 local sponsoring agency (i.e., the

204

November 1991



Open Channels

Flood Control District of Maricopa County, City of Phoenix, etc.). The 100-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 are 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 used. 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 changed conditions are addressed in a LOMR.
Changes to FIRMs resulting from exclusion of individual structures and un-
developed parcels are described in a LOMA.

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 LOMAs and LOMRs do not amend the
FIRM nor do they waive the requirement to purchase flood insurance.

Definition of Symbols

ﬁbvember 1991

The symbols defined below will be used in equations throughout Chapter 5:

Change in the water surface, ft

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, LT, ft/ft

Cross sectional area of flow, ft2

Channel bottom width, ft

Hydraulic Depth = A/T, ft

The average diameter of a rock particle, for which “i” percent of the
gradation is finer by weight.

Specific energy, ft

Froude Number

Freeboard, ft

Section factor at critical depth,

Acceleration due to gravity, 32.2 ft/ sec’

Gradation coefficient

Velocity head, ft

Manning roughness coefficient (see Section 5.6)

Roughness coefficient for the area between the buildings in the
floodplain (i.e., streets, yards, etc.)

ft3/2
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Ny s Adjusted urban roughness coefficient

P = Wetted perimeter, ft

Q = Discharge, cfs

R Hydraulic radius = A/P, ft

e = Radius of channel center-line curvature, ft (see Equation 5.12)

So = Channel bottom slope, ft/ft

T = Channel width along the top of the water surface, ft

\ = Average velocity of section, fps

Wo = Individual widths between buildings, measured perpendicular to
the direction of flow, ft

Wr = Total width of the floodplain, including buildings, ft

y = Distance from water surface to the centroid of the section, ft

Y = Depth of flow, ft

Yc = Critical depth of flow, ft

Yn = Normal depth of flow, ft

Artificial Channels

5.3.1

Artificial open channels are used 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. Channel linings heavily influence other physical characteristics of open
channels.

This section covers the open channel design applications more commonly en-
countered by civil engineers. Applications involving rivers and large washes or
channels—whichare considered “non-rigid”—require special design skills, and the
design of these channels should not be attempted with the design techniques
contained in this manual.

Rigid grade control is a requirement for using this section.

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 are excessive. A typical example of a safety problem
is a high velocity channel being required ir. 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 ap-
proximates a natural channel, in equilibrium, or one which has been carved over a
long period of time. These channels do nothave excessive velocities,and are without
closely-spaced, sharp, and reverse curvatures. Artificial channels should be aligned
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' with the entrances from and exits to hydraulic structures. In all cases, the issue of
wet and dry weather safety should be a paramount consideration in route and
right-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 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. Because this condition is sometimes difficult to
achieve, it can result in channels that are likely to move and, hence, result in ongoing
risk and continuous maintenance.

5.3.2 Choice of Channel

The choices of channel properties available to the designer are numerous, and
depend upon good hydraulic practice, environmental design, sociologic impact,
basic project requirements, recognition of risks involved, and maintenance. How-
ever, 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:

Hydraulic

» Slope of thalweg

» Right-of-way

» Stream bed controls—bed stability

» Capacity needed

» Basin sediment yield and channel transport capacity
» 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
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» Municipal or Flood Control District policies/ ordinances
» Need for open space

Sociological

» Neighborhood social patterns

» Neighborhood child population
» Pedestrian traffic

» Recreation needs

5.3.2.1 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 alone or in combination with other linings. Typical
linings and sections are shown in Figure 5.1 and are discussed in detail in Section
5.5. »

Some of the sections of Figure 5.1 show an optional low flow channel (discussed
below), however, compound sections larger than a low flow channel may be
desirable simply because they incorporate hiking trails and other recreational
activities.

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 generally have steep side slopes because of the limited right of way.
Inherently, these channels present greater personal safety problems both in wet and
dry weather (see Section 5.3.2.5). In addition, supercritical flows present greater
problems to the designer in the design of the channel and in the design of appur-
tenances such as bridges and culverts. Channels with supercritical flow require
special attention to construction joint details, changes in channel alignment, transi-
tions, 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
prevent access.

Concrete lined channels require reinforcing steel and minimum concrete thick-
nesses 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. Figures 5.1 and 5.2 illustrate that the top of
the concrete is tied into the ground, which is required to prevent erosion caused by
water entering the channel laterally, eroding the soils behind the concrete and
damaging the lining. Several instances of channel 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 are composed of a thick lining of soil cement
without reinforcement and have been used successfully in Maricopa County. Soil
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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 (2 horizontal
: 1 vertical); 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.

With the possible exception of channel bottoms, soil cement can withstand higher
velocities than some of the lining types. Soil cement 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 require placement of a gravel-filter
layer and/ or filter fabric 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, gabion riprap should
not be placed on slopes steeper than where common riprap would be used (see
Section 5.4).

Riprap channels are to 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 less restrictive safety requirements than for a typical
concrete-lined channel. Design around hydraulic structures may also be less restric-
tive. Use of toe rock with riprap side slopes can work successfully in combination
with an earth bottom. This channel is much less prone to move than a totally earth
lined channel. Non-rigid design techniques must be used when earth channel
bottoms are combined with riprap sides. The riprap toe protection (toe rock) should
be designed to protect against anticipated scour (see Figure 5.11a, page 247).

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.

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.
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Grass Lined Channels: These channels have similar properties to earth lined chan-
nels with side slopes no steeper than 4 horizontal : 1 vertical. 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.

Because water must be conserved in the desert environment, 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 in-
cluded.

5.3.2.2 Flow Characteristics:

Design velocities for all linings should not fall below 2 fps to minimize sediment
depositional problems.

Determine the maximum allowable velocity from Tables 5.1 and 5.2. Calculate the
allowable capacity for the drainage ditch using Manning’s formula with an ap-
propriate n value. Manning’s n values for typical channel materials are presented
in Table 5.11 (page 257). If the natural channel slope would cause excessive velocity,
employ drop structures, checks, riprap, or other suitable channel protection.

5.3.2.3 Embankment Protection: Depth of flow and velocity are two primary con-
siderations for determining the appropriate type of erosion protection liner. Specific
liner types and their design criteria and procedures are presented in Section 5.4.

Table 5.1
Permissible Velocities for Roadside Drainage
Channels with Erodible Linings

Soils Type of Lining Permissible

(Earth, No Vegetation) Velocity, fps
Fine Sand (noncolloidal) 25
Sandy Loam (noncolloidal) 25
Silt Loam (noncolloidal) 3.0
Ordinary Firm Loam 35
Fine Gravel 5.0
Stiff Clay (very colloidal) 5.0
Graded, Loam to Cobbles (noncolloidal) 5.0
Graded, Silt to Cobbles (noncolloidal) 55
Alluvial Silts (noncolloidal) 35
Alluvial Silts (colloidal) 5.0
Coarse Gravel (noncolloidal) 6.0
Cobbles and Shingles 55
Shales and Hard Pans 6.0

From: FHWA - HDS 3 & 4, Uniform Soils Classification.
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Table 5.2
' Roadside Channels Lined with Uniform Stand of Various Grass Cover and Well Maintained
Permissible Velocity, fps )
Erosion
Cover Slope Range, % Resistant Soils Easily Eroded Soils
Oto5 8.0 6.0
Bermuda Grass(a) 5t0 10 70 5.0
Over 10 6.0 40
Buffalo Grass Otob 7.0 5.0
Kentucky Bluegrass 51010 6.0 4.0
Smooth Brome Over 10 5.0 3.0
Blue Grama
Grass Mixture 0to 54 50 40
5t0 10 40 3.0
Lespedeza Sericea
Weeping Lovegrass
Yellow Bluestem
Kudzu 0050 35 o5
Alfalfa®
‘ Crabgrass
Common Lespedeza’” 0050 35 25
Sudangrass(e)

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

(2)  Use velocities over 5 fps only where good covers and proper maintenance can be obtained.

(8)  Typically used in Maricopa County.

(4) Do not use on slopes steeper than 10 percent.

(5)  Not recommended for use on slopes steeper than 5 percent .

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

5.3.2.4 Low Flow Channels: The majority of storm events 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 controlled manner.

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 V-shape to lower the centerline.

‘ Because of the potential for long-term channel aggradation, base flows and crop
irrigation return flows may require specific consideration. Waterways which are
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5.3.3

normally dry often have somewhat continuous low flows after urbanization be-
cause of lawn irrigation and other outside uses of water, including crop irrigation
return flows for developments on the edge of urbanizing areas. Maricopa County
is generally typified by low 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 5- 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 confined and local aggradation may lead to
failure of hydraulic structures and channels.

5.3.2.5 Safety: Section 4.3.2.7 contains a full discussion of safety, however, with
regard to open channels, it may be necessary to provide Category I safety devices—
primarily fencing—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 Table 4.4 (page 134). 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.

5.3.2.6 Maintenance: Maintenance considerations are an important factor in
open channel 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 may also require sediment removal
after intense storms. Consider the required level of maintenance and obtain as-
surance of the proper level of maintenance for all designs.

Design of Artificial Channels

This manual provides the Simplified Design Procedure for normally encountered
design problems in open channels that can be applied only to discharges less than
2,500 cfs. When a condition is encountered that is beyond the scope of this simplified
procedure, an increase in the detail of analysis is required. Section 5.6 includes
design checklists for artificial and natural channels. The basis of the checklists is for
the designer to address the probable important factors on each assignment. For
common, controlled conditions, there are simplified approaches to design that can
be used; however, when a condition occurs that requires a higher level of technical

214

November 1991



Open Channels

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 used as the designer proceeds
through the checklist 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 checklist and recommended minimum
references to support the checklist are included in Section 5.6. These references are
especially helpful for those facilities involving significant sediment transport issues
or complex hydraulic structures for grade control and/or energy dissipation.

5.3.3.1 Design Criteria for the Simplified Design Procedure: This section ad-
dresses properties of channel cross sections. Methods of calculating channel bottom
slope, hydraulic depths, and other hydraulic characteristics follow.

The parameters listed in Table 5.3 and within this section should be used as
guideline values. The criteria in Table 5.3 can be adjusted, but only by making
request to the Flood Control District and/or other regulating agency. The request
must be accompanied by a specific detailed design prepared by a registered en-
gineer using the long-form design procedure (checklist) outlined in Section 5.5.
Conversely, in the course of design, conditions requiring more stringent criteria
may be found. In this instance, use the more restrictive procedures and criteria.

Table 5.3 contains the channel properties to be used 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. Safety considerations and the force of water
combine to demand greater and greater design skills as the design discharge
increases.

5.3.3.2 Hydraulics of Open Channels: For arelatively 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 ade-
quate 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
(covered elsewhere in this manual) when designing or analyzing drainage channels.

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, Y. When roughness, depth and slope are known ata 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
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Table 5.3
Boundary Conditions for
Artificial Channel Properties
Simplified Design Procedure

(@ < 2,500 cfs)
Type of Channel Lining (*) Side Slopes, H:V Maximum Velocity, fps‘?

Concrete® Vertical 4 15

Soil Cement 24 9®)

Grouted Rock 3 9 ©®)

Riprap 3:1 9®

Gabion Baskets 2:1 9

Grass (irrigated and maintained) 4:1 251080

Earth 4:1 2.5106.0

(1) The valuesin this table are for channel sections with the same lining material for bottom and
sides. For conditions where the bottoms and sides of the channel are different, the most
critical applicable criteria are to be used.

(2)  Maximum velocities listed for erodible linings are to be checked in each design to assure that
erosion will not occur.

(3)  The concrete lining classification also includes mortar or concrete pneumatically applied
(shotcrete) (see Section 5.5.2.7, page 237).

(4)  When using vertical sides, refer to Chapter 6 for design of reinforcement.

(5)  Guideline only. Strict limits have not been set because this manual recommends that these
channels flow subcritcally (see Critical Flow, page 217).

(6)  Referto Table5.2.

Note: 1. Compute the Freeboard using Equation 5.9 (page 221), with minimums of 1 and 2 feet
for channels designed for subcritical and supercritical flow, respectively. For curved
channel sections, refer to Equation 5.10 (page 220).

2. The criteria listed in this table are boundary values. The designer is responsible for
determining adequacy of criteria for each specific application. For design of lining
materials, analyses of soil conditions and subsurface drainage may be required by the
Flood Control District and/or other regulating agencies.

uniform flow; however, uniform flow is more often a theoretical abstraction than
an actuality. The engineer must be aware 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 it is convenient to use special
graphs for various types of cross sections to eliminate the need for time consuming
trial and error solutions (see Figures 5.13 and 5.14, pages 258 and 259).

Equations 5.1 through 5.11 are presented to aid in determining fundamental quan-
tities in open channel flow—such as normal and critical depth and specific energy
and design considerations of freeboard and minimum radius of curvature. See
Section 5.2 for definitions of the symbols used in these equations.
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Generally, it is necessary to apply Manning’s Formula (Equation 5.1) to sections of
the channel which have similar properties:

V = (149 /m)R%75, 02 (5.1)
Multiplying velocity by the cross sectional area of flow:
Q =VA (5.2)

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
preliminary and final design requirements should be made through backwater
determinations (see Section 5.4).

Critical Flow: Critical flow inan open channel or covered conduit with a free water
surface is characterized by several conditions. Some of them are:

» The specific energy is a minimum for a given discharge.

» The discharge is a maximum for a given specific energy.

» Thevelocity head is equal to half the hydraulic depth in a channel of small slope.
hy = V¥%2g = D/2 (5.3)

» The Froude Number is equal to 1.0.

With the presence of a free surface in an open channel, the force of gravity has an
effect on the state of flow. The effect of gravity on open channel flow is represented
by theratio of inertial forces to gravitational forces. This ratio is known as the Froude
Number (F) and is computed by rearranging Equation 5.3:

E = V/(gD)0'5 T / (5.4)
For subcritical and supercritical flows F <1 and F >\1, respectively.

The Froude Number will be used in this chapter as a design guideline. Avoid
sediment deposition due to low velocities (below 2 fps).

Due to erosion and scour of erodible channels and safety concerns with excessively
high velocities, the recommended upper limit of F is 2.0.

The specific energy (E) in open channels is the sum of the depth of flow and the
velocity head:

E=Y+V?%2 .5)

A characteristic specific energy curve is made for a specific flow rate in a channel
(see Figure 5.16, page 261). Two depths of flow, called alternate depths, will exist
for each energy value; the lower depth will be supercritical and the higher depth
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will be subcritical. As the energy approaches a minimum, toward Y, the alternate
depths will vary by small amounts. Minor changes in cross section, flow rate,
channel roughness, or slope can cause the flow to pass through critical flow and on
to its alternate depth—therefore, avoid the regime of flow near minimum specific
energy. This flow phenomena is characterized by a wavy water surface, weak
hydraulic jumps, and unsteadiness in the flow.

As a guideline, F should not fall between 0.85 and 1.3.

In the subcritical region, as F increases toward 1, the flow speeds and reduces in
depth. Aslong as the velocity does not increase past the permissible velocity shown
in Table 5.3, short-lived instability of near critical flow is acceptable. On the other
hand, near critical flows in the supercritical regime may cause hydraulic jumps with
the minor changes in cross section, flow rate, channel roughness, or slope, as
mentioned above. This type of flow instability is undesirable for any duration,
therefore supercritical flow will be permitted only if the flow is well established in
the supercritical flow regime.

The guidelines in this manual restrict soil cement, grouted rock, riprap, and grass
and earth lined channels to subcritical flow.

Thelimit to the Froude Number is thus F<0.85. For concrete, shotcrete, and mortar
lined channels, the additional range of 1.3 <F < 2.0 is allowed.

Since critical flow is to bezavozided, iEis important to be able to calculate the critical
depth, Y. Substituting Q”/A” for V"~ in Equation 5.3 yields:

Equation 5.6 is solved by successive approximation, and will only be satisfied for
critical flow for the given discharge and cross section. Manipulations of Equations
5.3 through 5.6 will yield simplified expressions to determine critical depth for
common prismatic channels (see Handbook of Hydraulics, King and Brater 1963). Only
Equation 5.6 is included here because it is a general relation that will be satisfied for
a channel of any cross section. The successful approximation of Y. can be verified
by checking whether Equation 5.4 has been minimized.

In applying Equation 5.6 and solving for F in Equation 5.4, if the depth is found to
be at or near critical, the shape of the cross section or of the slope should be changed
to achieve greater hydraulic stability.

To simplify the computation of critical flow, Figure 5.14 (page 259) gives dimen-

sionless curves showing the relation between depth and the section factor, F, for
rectangular, trapezoidal, and circular channels:

F, = A(D)*® (5.7)

Roughness Coefficients: Roughness coefficients (n) for use in Manning’s equation
vary considerably according to type of material, depth of flow, and quality of
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workmanship. Table 5.11 (page 257) lists roughness coefficients for pipes, earthen
and natural channels and for various artificial channels.

If unsure of a specific value of roughness, the designer should check the possible
range of roughness coefficients to locate potential problems.

5.3.3.3 Design of Rigid Channels: To be able to use the Simplified Design Proce-
dure, the channel must be less than 2,500 cfs and “rigid.” To be considered rigid,
both the banks and the channel bottom must be stable. This generally 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, historically, runoff has flowed.

This requirement applies both to the point where water becomes channelized and
the point where runoff leaves the channel. This requirement is legal in nature as
well as 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 so that damages occur as if improvements
had not been 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. Use Equations 5.1 and 5.2 to verify this condition. Likewise, channel
layout can be used 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.

Grade Control: There are many references to grade control requirements
throughout this chapter, and it is difficult to overstate its importance. This section
describes the benefits of grade control and the need for it in the design and
assessment of channel stability. Actual design of man-made grade control structures
is discussed in Chapter 6.

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 not
permit channel degradation or aggradation. Grade control is most often thought of
as causing water to pass through critical depth; however, this condition is not
required to establish grade control. Examples include: rock outcroppings, culverts
under embankments, drop structures, and bridges; however, notalldrop 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,
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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, when the channel
downstream is headcutting or undergoing rapid deposition. When designing artifi-
cial 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, a grade control structure will be required—at a mini-
mum—to a depth sufficient to preclude further headcutting in the channel.

Regardless of the size of watershed, a key design element, including conceptual
layout, is establishing whether or not grade control exists below the design section.
General degradation and aggradation is beyond the scope of this manual; however,
references are provided at the end of this chapter.

For each alternative investigated, the selected channel slope should resultin 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 5.3.

Channel Curvature: For channels with Froude Numbers less than 0.85, the ratio of
the channel radius (at centerline) to the design width of the water surface shall be
greater than 3.0.

Note for Froude Numbers greater than 0.85, the radius of curvature will be com-
puted from the formula:

re > 4V TRY (5.8)

Curves in a channel cause the maximum flow velocity to shift toward the outside
of thebend. 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 condi-
tions necessitate their use. If the flow is supercritical, special design criteria may need
to be employed to eliminate the downstream effects.

For superelevation under subcritical conditions, the following formula is generally
used:

Ay = VZT/ng (5.9)

The freeboard requirements should be added to the superelevated water surface
elevation.

For supercritical flow, the disturbance caused by a bend in the channel persists
downstream. Therefore, a detailed hydraulic study must be conducted to determine
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the effects of the channel curvature on the freeboard requirement. This section
includes a discussion of channel curvature.

Freeboard: Required freeboard is computed according to the following formula:

FB = 0.25 (Y + V72g) (5.10)

The minimum freeboard value for rigid channels shall be 1 foot for subcritical and
2 feet for supercritical flows.

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 taken into consideration.

Low Flow Channels: For channels with grass or earth bottoms, it is recommended
that low flow channels (see Figure 5.1, page 209) be considered whenever the
following condition exists:

b/(VY)21.40 (5.11)
where V and Y are values for the 100-year flood.

The existence of frequent grade control structures may also preclude the require-
ment 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.

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 unwise to have any curvature in a supercritical
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.

In a supercritical channel, there shall be no change of cross-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. Concrete linings must be
protected from hydrostatic uplift 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 ina downstream direction. The designer must take care
to insure against the possibility of unanticipated hydraulic jumps forming in the
channel.

Design of deflections and curves for supercritical flow is beyond the scope of this
manual; refer to Handbook of Hydraulics (King and Brater 1963) and Open Channel
Hydraulics (Chow 1959).
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5.3.3.4 Preliminary Design: Itisimportant that major design issues be identified
and decisions about them made before proceeding into final 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 com-
mencing final design. Some of these issues are:

» Control flow at the beginning and end of a channel reach to prevent damage to
existing channels.

» Eliminate potential hydraulic jumps (this should only be an issue in concrete
and shotcrete channels). Hydraulic jumps will be permitted only in planned
locations at hydraulic structures (see Chapter 6).

» Minimize the use of alignment deflection in supercritical flow.

» The degree to which low flows affect channel stability and maintenance should
be reflected in the chosen channel cross section.

» Determine safety requirements in conjunction with other hydraulic structures
and with the inlets and outlets of conduits.

»  Plan for possiblesecondary uses that can reduce urban costs by providing other benefits.

» Determine the need for freeboard requirements that may exceed those discussed
in Table 5.3.

5.3.3.5 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 final drawings. Computation of the water surface profile should
usestandard backwater methods, taking into consideration all losses due to changes
in velocity, drops, bridge openings, and other obstructions (see Section 5.4). Other
than supercritical concrete lined facilities, computations beginat a known pointand
extend in an upstream direction for subcritical flow; this is why 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.

Remember that open channel flow in urban drainage is usually non-uniform
because of bridge openings, curves, and structures, so backwater computations
must be used for all final channel design work (see Section 5.4).

5.3.3.6 Design of Non-Rigid Channels: Large washes and locations where ur-
banized 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 checklist for design requirements and a list of references that
address non-rigid channel design are included in Section 5.6.

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 constructing 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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Natural Channels

In Maricopa County, floodplains tend to be wide, braided, and not permanently
fixed in one location. Furthermore, velocities tend to be high, causing channel
modifications to be difficult to effect. Designers working in Maricopa County are,
therefore, interested in the course of natural channels, especially where develop-
ment will occur. Other design interests include the 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. A common requirement for many projects
is determining water surface profiles.

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 of time.

At transitions from natural to artificial channels, an array of problems can occur.

Erosion can occur where the artificial channel has a substantial increase in con- |
‘ veyance compared to an upstream, natural channel. Because of their steep nature, i

the most common problem associated with mountainous streams is the sedimenta- |

tion that predictably occurs where the natural channel interfaces with artificial

channels which confine flows through development. Low flow channel sections

may be required in the artificial channels to move sediment. Sedimentation can be

expected where attempts are made to sharply deflect the direction of flow from the

naturally steep channels, but this condition should be avoided.

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,
thereis often a need 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 withadequately sized and protected bridges will significantly limit the lateral
' movement capability of most channels. Notable exceptions in Maricopa County
are the extensive alluvial fan areas, which are outside the scope of this manual.
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5.4.1

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. Supercritical flow cannot 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 sig-
nificant advantages if the designer incorporates into the planning the overtopping
of the channel and localized flooding of adjacent areas. Using 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 5.6 contains a checklist 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:

» 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 100-year
runoff.

» Examine velocities in natural channels to verify that critical velocity is not
exceeded for any section.

» Define water surface limits so that the floodplain can be zoned.

» Useroughness factors (“n” values) which are representative of non-maintained
channel conditions.
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» Divide the channel cross sections into units of similar properties for determina-
tion 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
futurebridges which will raise the water surface profileand cause the floodplain
to be extended.

» Evaluate the 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 not beused in the urban waterways where
hydrographs tend to rise and fall sharply.

5.4.1.1 Requirements for Natural Channels: Washes which traverse land desig-
nated 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 protected
from flooding and erosion. According to ARS 48-3609.A, during the course of the
Master Planning process, the 100-year runoff will be used to delineate a floodplain
for major channels with discharges of more than 1,000 cfs and will be processed
through the local government, ADWR, and FEMA.

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 inits natural state.
However, the approach would involve demonstrating that: 1) the encroachment
would not adversely affect adjacent properties; and 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.

5.4.1.2 Applicable Methodologies

Normal Depth and Velocity: Ifthe depthand direction of the flow inan 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 Manning’s Equation (Equation 5.1).
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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 gradeline is defined as a line connecting points of known total
head or total specific energy, E, as computed by Equation 5.5.

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.

Backwater Procedure: The previous section contained a brief discussion on comput-
ing 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 profiles. The
procedure for making Standard Step calculations is given in several easily ob-
tainable textbooks or references. Anexample form for the method is shown in Figure
5.15, page 260. Computer facilities are available, and the designer should perform
the Standard Step calculations by using the readily available and well-documented
computer program HEC-2, written and distributed by the U.S. Army Corps of
Engineers.

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.

5.4.1.3 Floodplain Widths and Depths in Channels with Composite Hydraulic
Roughness: Inthe 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.

Composite Channels: The cross section of a watercourse or a street right-of-way may
be composed of several distinct subsections, with each subsection having different
hydraulic characteristics, such as hydraulic roughness and average flow depth. For
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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 composite channels like these, 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. Open-Channel Hydraulics (Chow 1959), provides an
example of computing flow in channels having composite roughness.

Manning Roughness Coefficients: Manning roughness coefficients (see Table 5.11,
page 257), for usein water surface profile calculations, should be carefully estimated
by experienced engineers. The estimates should include consideration that rough-
ness 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 materials making up the channel bed; and the degree of meandering.
Additional information concerning Manning roughness coefficients may be found
in Chapter 4.

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 circumstan-
ces, 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.

Where only an estimate of the computed water surface elevation is needed, a second
option may be selected: use the adjusted urban roughness coefficient, n,,, with the
total cross-sectional area, (Hejl 1977). See Figure 5.4.

fy = to (1.5 (WT/ZW,) + (1- Wr/ZW,) ZL,/LT-0.5) (5.12)
where all coefficients are as defined in Section 5.2.

5.4.1.4 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
designing 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 desig-
nated floodplains is permissible as long as zoning regulations are met. The advance
planning of developments that may be affected by the floodplain regulations
requires a thorough understanding of floodplain regulations and drainage stan-
dards and may also require an engineering background in open channel hydraulics,
river mechanics, and sediment transport.
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Channel Linings

5.5.1

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.

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.

5.5.1.1 Materials: A wide variety of soils can be used to make durablesoil 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. Atleast 55 percent of the material pass the No. 4 (4.75 mm) sieve; and
3. Between 5 percent and 35 percent pass the No. 200 (0.074 mm) sieve.

If the amount of material passing the No. 200 sieve exceeds 35 percent, the addition
of a coarser material may be necessary. Soils containing more than 35 percent
material passing the No. 200 sieve may be used if the fines are non-plastic 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 proce-
dures 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
C150,CSA A5, 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 compac-
tion. Mixed in-place construction has also been used successfully.

5.5.1.2 Design of Soil Cement Linings: Figure 5.5 shows a composite channel
consisting of an earth bottom with soil cement stabilization along the banks. Onside
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 compaction methods. Generally a 7- to 9-foot minimum

230

November 1 991



Open Channels

SOIL CEMENT STREAMBANK STABUZATION

N =

H 2 g

CHANNEL BOTTON-—W J > QIDoT

ESTIMATED
SCOUR
DEPTH

Soil Cement Streambank Stabilization

Typical Section
(Simons, Li and Associates 1987)

7. IR

SOIL CEMENT

6"-8" LIFTS,

TYPICAL I

CHANNEL INVERT

SCOUR DEPTH
(See Chapter 7)

7' to 9
I'TYPICAL "1 |

|
|
“ Cl s CL 2 L
! [ ESTIMATED
|
Y

. Figure 5.5
Soil Cement Placement Detall
(Not to Scale)

November 1991 231

—




Channel Linings

5.5.2

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 non-erodible sections or abutments. The
upstream and 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 in 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, using small power tools, or by
using a lean mix concrete. For earthen channels with soil cement side slope protec-
tion, the lining should be designed to extend to the anticipated depth of scour.

Concrete Lined Channels

Reinforced concrete and shotcrete are alternative lining materials 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 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, conse-
quently, permit the erosion of overbank material and failure of concrete lining.

5.5.2.1 Flow Regime Considerations: Concrete lined channels are usually
designed for flow conditions where the Froude Number exceeds 1.3 and /or when
velocities exceed five feet per second for earth lined channels. Froude Numbers for
supercritical flow shall be greater than 1.3 and less than 2.0. Critical flow conditions,
where 0.85 < F £ 1.3, are very unstable, and must be avoided.
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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 unwise to have any curvature ina supercritical 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. High velocity flow can enter
cracks or joints and create uplift forces by the conversion of velocity head to pressure
head causing damage to 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 concrete channels carrying supercritical flow shall be lined with continuously
reinforced concrete extending both longitudinally and laterally. There shall be no
reductionin cross sectional area at bridges or culverts. Freeboard shall beadequate
to provide a suitable safety margin—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.

5.5.2.2 Lining Criteria: Generally, if slopes steeper than2:1 are used, then safety
and structural requirements become a primary concern. The thickness of the lining
should be a minimum of 3-inches depending on channel capacity and stability
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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, thick-
ness of the lining and anticipated construction techniques. The concrete lining must
be keyed into the adjacent overbanks as shown on Figure 5.2, page 210.

5.5.2.3 Roughness Coefficient: The roughness coefficient for a concrete lining
can vary from 0.013 for a troweled finish to 0.020 for a very rough or unfinished
surface. For shotcrete, roughness coefficients can vary from 0.016 to 0.025.

5.5.2.4 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 recom-
mended 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 con-
crete.

5.5.2.5 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.
References are listed at the end of this chapter.

5.5.2.6 Underdrainage: The probability of damaging the concrete lining due to
hydrostatic back pressure and subgrade erosion can be greatly reduced by provid-
ing underdrains. There are two types of artificial drainage installations. One type
consists of 4- or 6-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 of the 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 channel
invert. Figure 5.8 shows a drawing of a flap valve for use without tile pipe and in a
fine gravel and sand subgrade. 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 (USBR, undated).
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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.

5.5.2.7 Shotcrete: The shotcrete process has become an important and widely-
used technique. Shotcrete is mortar or concrete pneumatically projected at high
velocities onto a surface. In the past, the term ‘gunite’” was commonly used to
designate dry-mix mortar shotcrete. The term is currently outdated and ‘shotcrete’
has become the trade name for all pneumatically applied dry-mix or wet-mix
concrete or mortar.

ACI 506R (1985) discusses the properties, applications, materials, reinforcement,
equipment, shotcrete crews, proportioning, batching, placement, and quality con-
trol of the shotcrete process.

As a channel lining, shotcrete is an acceptable method of applying concrete with a
general improvement in density, bonding, and decreased permeability. The same
design considerations discussed in Section 5.5.2 apply in the design of shotcrete
channels.

The designer must adhere to the local regulations of Section 525 of the Uniform
Standard Specifications for Public Works Construction by the Maricopa Association of
Governments (MAG 1979, rev. 1984), and Section 912 of the Arizona Department
of Transportation’s Standard Specifications for Road and Bridge Design Construction
(1990). The nozzle operator should be certifiable under ACI 506.

Riprap Lined Channels

Graded riprap can be an effective lining material if properly designed and con-
structed. 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:

» riprap quality;

»  riprap layer characteristics;

» hydraulic requirements;

» site conditions; and

» river conditions.

In Arizona, site requirements and river conditions are important factors in the
protection of bridge structures and flood control channels.

5.5.3.1 Riprap Quality: Riprap quality determination refers to the physical char-
acteristics of the rock particles that make up the bank protection. Qualities deter-
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mined to be most important include density, durability, and shape. Requirements
for each of these properties are summarized in this section.

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 value of specific gravity in Maricopa County is 2.4. All stones
composing the riprap should have a specific gravity equal to or exceeding 2.4,
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 weather-
ing 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) and absorption test (see ASTM C127). Based on these tests, the
durability absorption ratio (DAR) is computed as follows:

_ __Durability Index (5.13)
" Percent Absorption + 1

DAR

The following specifications are used to accept or reject material:
1.  DAR greater than 23, material is accepted;
2.  DARIless than 10, material is rejected;
3. DAR10 through 23:
a. Durability index 52 or greater, material is accepted; and,
b. Durability index 51 or less, material is rejected.

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 theshortestaxis perpendicular to thelength. Angularity isa qualitative parameter
which is assessed by visual inspection. No standard tests are used to evaluate this
specification.

5.5.3.2 Riprap Layer Characteristics: The major characteristics of the riprap layer
include: characteristic size; gradation; thickness; and filter-blanket requirements.
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. Characteristic Size: The characteristic size in a riprap gradation is the Dsp. 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. The object is to obtain a dense, uniform mass of durable, angular stones
with no apparent voids or pockets. The recommended maximum stone size is 2
times the Dgp and the recommended minimum size is one-third of the Dsp. A
gradation coefficient, G, of 1.5 is required.

G = 0.5 (Dg4/ Dsg + Ds5g/D1g) (5.14)
Table 5.4 provides design gradations for specified classes of riprap.

. 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 is to be at least 1.5 times the Djqp value, but
need not exceed twice the Dygg 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. First, they protect the underlying soil from washing out; and,
second, they provide a base on which the riprap will rest. The need for a filter blanket
. isa 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:

(D1s) filter < 5(Dgs) bank (5.15a)
4(D1s5) bank < (D1s) filter (5.15b)
(Dsy) filter < 25 (Ds) bank (5.15¢)

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, Table 5.5 outlines recommended standard gradations.

Table 5.4

Design Gradation for Specified Classes of Riprap

Percent Dsg Class, inches
Passing Size 6 8 12 18 24 30 36
100 to 90 2.0 D5g 12 16 24 36 48 60 72
8510 70 1.5 D5 9 12 18 27 36 45 54
50 to 30 1.0 D5 6 8 12 18 24 30 36
‘ 15105 0.67 Dsg 4 5 8 12 16 20 24
5t0 0.33 Dsg 2 3 4 6 8 10 12

November 199 N 239




Channel Linings

Table 5.5

Gradation for Gravel Bedding
(Simons, Li and Associates 1989)

Standard Typel Typell

Sleve Size (Percent Passing by Weight)
3 inches — 90 to 100
1-1% inches = —
3/4 inch — 2010 90
3/8 inch 100 =
#4 95 to 100 01020
#16 45 10 80 a
#50 10 t0 30 =
#100 21010 =
#200 Oto2 0to3

The Type-I and Type-II bedding specifications shown in Table 5.5 were developed
using the criteria given in Equation 5.14, 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 5.5 is designed to be
the lower layer in a two-layer filter for protecting fine 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-I topped by Type-II) are required. For the required bedding
thickness, see Table 5.6.

Filter Fabric Requirements: 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 No. 200
sieve, the AOS should be less than 0.6 mm (a No. 30 sieve).

2. For soil with more than 50 percent of the particles, by weight, passing a No. 200
sieve, the AOS should be less than 0.3 mm (a 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 and 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.

240

November 1991



Open Channels

Table 5.6
Thickness Requirements for Gravel Bedding
Minimum Bedding Thickness, inches

Coarse Grain

Riprap Fine Grain Native Soils Native Soils
6", 8" 4 4 6
12" 4 4 6
18" 4 6 8
24" 4 6 8
30" 4 8 10
36" 4 8 10

5.5.3.3 Hydraulic Design Requirements

General: Channel linings constructed of placed, graded riprap or wire enclosed
rock to control channel erosion have been found to be cost effective where channel
reaches are relatively short (0.25 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.  Major flows are found to produce channel velocities in excess of allowable
non-eroding values;

2.  Channel side slopes at 3:1 for riprap and 2:1 for enclosed rock linings; and
3. Rapid changes in channel geometry occur, such as channel bends and transitions.

This section presents design requirements for graded riprap, while Section 5.5.5.3
contains additional design considerations specifically related to wire enclosed rock.
Both Sections are valid only for subcritical flow conditions where the Froude
Number is 0.85 or less.

Riprap Sizing: The procedures described in Hydraulic Design of Flood Control Chan-
nels (Corps of Engineers, EM-1601, 1970 or latest revision) shall be used for the
design of graded riprap channel linings or bank protection. The riprap design
procedures include two concepts for the design of a stable channel lining. The two
concepts are estimation of permissible velocity, and estimation of permissible shear.

The Corps riprap design procedure focuses on determination of the proposed
channel roughness. From this, boundary shear is determined and then compared
with the design shear that the riprap is able to resist. The design is a trial-and-error
process with different stone size, in terms of Dsg, and riprap thickness being
adjusted so that the estimated boundary shear is less than the riprap design shear.

TheCorps design procedures assume riprap material that is predominantly angular
in shape. Cobbles with rounded edges have a smaller angle of repose, as shown in
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5.5.4
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Figure 5.9. Since the internal friction angle of a graded mass of cobbles is less than
an equal mass of angular rock, the cobble mass is morelikely to be eroded by channel
flow. Use of cobbles or rounded rock for channel lining shall incorporate suitable
design modifications in terms of side slope, median rock size and layer thickness,
and shall be approved by the appropriate jurisdictional agency.

Riprap linings shall have a minimum thickness of 1.5 times Dygp. In urban areas,
riprap having a D5 less than one foot should be buried and revegetated to protect
the riprap lining from vandalism.

Grouted Rock

5.5.4.1 General: Grouted rock is a structural lining comprised of rock that is
interlocked and bound together by means of concrete grout injected into the void
spaces. Grouted rock provides a stable lining similar to concrete with the added
advantage of a higher roughness factor due to the rock surfaces projecting above
the grout layer.

5.5.4.2 Materials

Rock: Rock for grouting should conform to the property requirements described
inSection 5.5.3.1. Graded riprap should not be used for grouting, as the smaller rock
in a graded mix occupies the void spaces to be filled with grout. Rock should be
specified as a single layer of a minimum dimension rock. As an alternative, a class
of riprap from Table 5.4 may be specified, with the requirement that rock smaller
than the Dsg( size be removed. Additional details on grouted rock may be found in
Chapter 6.

Grout: The grout mix should be specified to provide the strength and durability
required to meet the specific application. The minimum 28-day compressive
strength shall be 2,000 psi and the slump shall be within a range of 4 to 7 inches. The
stone aggregate should conform to the gradation requirements of Size Number 8
course aggregate (3/8 inch to No. 8) as specified in ASTM C-33. A maximum of 30
percent of the cementous material may be fly ash (ASTM C-618, Type C or F). Fiber
reinforcement may beadded to the grout to provide additional control of shrinkage
and cracking. Refer to Chapter 6 for additional information on grout for rock.

5.5.4.3 Design Considerations: Since grouted rock is a structural lining similar
to reinforced concrete, it is subject to the same design considerations. Rock must be
sized for the anticipated hydraulic design conditions. Foundation conditions must
be evaluated and provisions made for underdrainage and seepage control. If only
bank protection is to be provided, the grouted rock protection must extend below
the channel invert to a depth below the estimated depth of scour. Refer to Chapter
7 for additional discussion on channel scour. Construction considerations for
grouted rock are presented in Chapter 6.
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5.5.5 Wire Enclosed Rock (Gabion Baskets)

5.5.5.1 General: Wire enclosed rock refers to rocks that are confined by 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. If breaks 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,
where they are less prone to vandalism. Wire enclosed rock installations should 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 5.5.5.3.

5.5.5.2 Materials

Rock and Wire Enclosure Requirements: Rock filler for the wire baskets should meet
therock property requirements for ordinary riprap. Minimum rock sizes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>