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1.0 Streets and Closed Conduits
1.1 Stormwater Street and Closed Conduit Design Overview

1.1.1 Stormwater System Design

Stormwater system design is an integral component of both site and overall stormwater management
design. Good drainage design must strive to maintain compatibility and minimize interference with
existing drainage patterns; control flooding of property, structures, and roadways for design flood events;
and minimize potential environmental impacts on stormwater runoff.

Stormwater collection systems must be designed to provide adequate surface drainage while at the same
time meeting other stormwater management goals such as water quality, streambank protection, habitat
protection, and groundwater recharge.

1.1.2 System Components

The stormwater system components consist of all the integrated site design practices and stormwater
controls utilized on the site. Three considerations largely shape the design of the stormwater systems:
water quality, streambank protection, and flood control.

The on-site flood control systems are designed to remove stormwater from areas such as streets and
sidewalks for public safety reasons. The drainage system can consists of inlets, street and roadway
gutters, roadside ditches, small channels and swales, stormwater ponds and wetlands, and small
underground pipe systems which collect stormwater runoff from mid-frequency storms and transport it to
structural control facilities, pervious areas, and/or the larger stormwater systems (i.e., natural waterways,
large man-made conduits, and large water impoundments).

The stormwater (major) system consists of natural waterways, large man-made conduits, and large water
impoundments. In addition, the major system includes some less obvious drainageways such as
overload relief swales and infrequent temporary ponding areas. The stormwater system includes not only
the trunk line system that receives the water, but also the natural overland relief which functions in case
of overflow from or failure of the on-site flood control system. Overland relief must not flood or damage
houses, buildings or other property.

This section is intended to provide design criteria and guidance on several on-site flood control system
components; including street and roadway gutters, inlets, and storm drain pipe systems. Section 2.0
covers storage design and outlet structures. Section 3.0 covers the design of culverts, vegetated and
lined open channels, and bridges. Section 4.0 covers energy dissipation devices for outlet protection.
The rest of this section covers important considerations to keep in mind in the planning and design of
stormwater drainage facilities.

1.1.3 Checklist for Planning and Design
The following is a general procedure for drainage system design on a development site.

A. Analyze topography, including:
1. Check off-site drainage pattern. Where is water coming onto the site? Where is water leaving
the site?

2. Check on-site topography for surface runoff and storage, and infiltration
a. Determine runoff pattern: high points, ridges, valleys, streams, and swales. Where is the
water going?
b. Overlay the grading plan and indicate watershed areas: calculate square footage (acreage),
points of concentration, low points, etc.

Streets and Closed Conduits HA-1
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B.

C.

D.
E.

Analyze other site conditions, including:

1. Land use and physical obstructions such as walks, drives, parking, patios, landscape edging,
fencing, grassed area, landscaped area, tree roots, etc.

2. Soil type (infiltration rates).
3. Vegetative cover (slope protection).

Check potential drainage outlets and methods, including:

On-site (structural control, receiving water)

Off-site (highway, storm drain, receiving water, regional control)

Natural drainage system (swales)

Existing drainage system (drain pipe)

Analyze areas for probable location of drainage structures and facilities.

Identify the type and size of drainage system components required. Design the drainage system and
integrate with the overall stormwater management system and plan.

1.1.4 Key Issues in Stormwater System Design

The traditional design of stormwater systems has been to collect and convey stormwater runoff as rapidly
as possible to a suitable location where it can be discharged. This manual takes a different approach
wherein the design methodologies and concepts of drainage design are to be integrated with the
objectives for water quantity and quality control. This means:

il

Stormwater systems are to remove water efficiently enough to meet flood protection criteria and level
of service requirements, and

These systems are to complement the ability of the site design and structural stormwater controls to
mitigate the major stormwater impacts of urban development.

The following are some of the key issues in integrating water quantity and quality control consideration in
stormwater system design.

General Design Considerations

il

Stormwater systems should be planned and designed so as to generally conform to natural drainage
patterns and discharge to natural drainage pathways within a drainage basin. These natural drainage
pathways should only be modified as a last resort to contain and safely convey the peak flows
generated by the development.

Runoff must be discharged in a manner that will not cause adverse impacts on downstream
properties or stormwater systems. In general, runoff from development sites within a drainage basin
should be discharged at the existing natural drainage outlet or outlets. If the developer wishes to
change discharge points he or she must demonstrate that the change will not have any adverse
impacts on downstream properties or stormwater (minor) systems.

It is important to ensure that the combined on-site flood control system and major stormwater system
can handle blockages and flows in excess of the design capacity to minimize the likelihood of
nuisance flooding or damage to private properties. If failure of minor stormwater systems and/or
major stormwater structures occurs during these periods, the risk to life and property could be
significantly increased.

In establishing the layout of stormwater systems, it is essential to ensure that flows are not diverted
onto private property during flows up to the major stormwater system design capacity.

Streets and Closed Conduits HA-2
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Street and Roadway Gutters

|l

Gutters are efficient flow conveyance structures. This is not always an advantage if removal of
pollutants and reduction of runoff is an objective. Therefore, impervious surfaces should be
disconnected hydrologically where possible, and runoff should be allowed to flow across pervious
surfaces or through vegetated channels. Gutters should be used only after other options have been
investigated and only after runoff has had as much chance as possible to infiltrate and filter through
vegetated areas.

It may be possible not to use gutters at all, or to modify them to channel runoff to off-road pervious
areas or open channels. For example, curb opening type designs take roadway runoff to smaller
feeder grass channels. Care should be taken not to create erosion problems in off-road areas.
Protection during construction, establishment of strong stands of vegetation, and active maintenance
may be necessary in some areas.

Use typical road sections that use grass channels or swales instead of gutters to provide for pollution
reduction and reduce the impervious area required. Figure 1.1 illustrates a roadway cross section
that eliminates gutters for residential neighborhoods. Flow can also be directed to center median
strips in divided roadway designs. To protect the edge of pavement, ribbons of concrete can be used
along the outer edges of asphalt roads.

BO'—0° RIGHT—OF —waY

SHOULDER
RIVED, GRAGE
SEFHALT PAVED ROAD POROLS CONGRETH

SEE D.F.W. & T. STANDARD
PAVING SECTIGN O ohada RING

Figure 1.1 Alternate Roadway Section without Gutters
(Source: Prince G®¥®y geds County, MD,

Inlets and Drains

1 Inlets should be located to maximize the overland flow path, take advantage of pervious areas, and
seek to maximize vegetative filtering and infiltration. For example, it might be possible to design a
parking lot so water flows into vegetated areas prior to entering the nearest inlet.

91 Inlet location should not compromise safety or aesthetics. It should not allow for standing water in
areas of vehicular or pedestrian traffic, but should take advantage of natural depression storage
where possible.

1 Inlets should be located to serve as overflows for structural stormwater controls. For example, a
bioretention device in a commercial area could be designed to overflow to a catch basin for larger
storm events.

1 The choice of inlet type should match its intended use. A sumped inlet may be more effective
supporting water quality objectives.

1 Use several smaller inlets instead of one large inlet in order to:

o Prevent erosion on steep landscapes by intercepting water before it accumulates too much
volume and velocity.
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Provide a safety factor. If a drain inlet clogs, the other surface drains may pick up the water.
Improve aesthetics. Several smaller drains will be less obvious than one large drain.

0 Spacing smaller drain inlets will give surface runoff a better chance of reaching the drain.
Water will have to travel farther to reach one large drain inlet.

Closed Conduit Systems (Storm Drains/Sewers)

1 The use of integrated site design practices (and corresponding site design credits) should be
considered to reduce the overall length of a closed conduit stormwater system.

1 Shorter and smaller conveyances can be designed to carry runoff to nearby holding areas, natural
conservation areas, or filter strips (with spreaders at the end of the pipe).

1 Ensure that storms in excess of closed conduit design flows can be safely conveyed through a
development without damaging structures or flooding major roadways. This is often done through
design of both a major and minor drainage system. The on-site flood control system carries the mid-
frequency design flows while larger runoff events may flow across lots and along streets as long as it
will not cause property damage or impact public safety.
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1.2 On-Site Flood Control System Design
1.2.1  Introduction

On-Site Flood Control Systems, also known as minor drainage systems, quickly remove runoff from areas
such as streets and sidewalks for public safety purposes. The on-site flood control system consists of
inlets, street and roadway gutters, roadside ditches, small channels and swales, and small underground
pipe systems which collect stormwater runoff and transport it to structural control facilities, pervious areas,
and/or the larger stormwater system (i.e., natural waterways, large man-made conduits, and large water
impoundments).

This section is intended to provide criteria and guidance for the design of on-site flood control system
components including:

1 Street and roadway gutters
1 Stormwater inlets

1 Storm drain pipe systems
Ditch, channel and swale design criteria and guidance are covered in Section 3.0.

Procedures for performing gutter flow calculations are based on a modification of Manning's Equation.
Inlet capacity calculations for grate, curb, and combination inlets are based on information contained in
HEC-12 (USDOT, FHWA, 1984). Storm drain system design is based on the use of the Rational Method
Formula.
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1.2.3 Symbols and Definitions

To provide consistency within this section as well as throughout this Manual, the symbols listed in Table
1.1 will be used. These symbols were selected because of their wide use. In some cases, the same
symbol is used in existing publications for more than one definition. Where this occurs in this section, the
symbol will be defined where it occurs in the text or equations.

Table 1.1 Symbols and Definitions
Symbol Definition Units
a Gutter depression in
A Area of cross section ft2
dorD Depth of gutter flow at the curb line ft
D) Diameter of pipe ft
Eo Ratio of frontal flow to total gutter flow Quw/Q -
g Acceleration due to gravity (32.2 ft/s?) ft/s?
h Height of curb opening inlet ft
H Head loss ft
K Loss coefficient -
LorLr Length of curb opening inlet ft
L Pipe length ft
n Roughness coefficient in the modutériflavd -
P Perimeter of grate opening, neglecting bars and side against curb ft
Q Rate of discharge in gutter cfs
Qi Intercepted flow cfs
Qs Gutter capacity above the depressed section cfs
SorSx Cross Slope - Traverse slope ft/ft
SorS. Longitudinal slope ft/ft
St Friction slope ft/ft
'w Depression section slope ft/ft
T Top width of water surface (spread on pavement) ft
Ts Spread above depressed section ft
\% Velocity of flow ft/s
wW Width of depression for curb opening inlets ft
4 T/d, reciprocal of the cross slope -

1.2.4 Street and Roadway Gutters

Effective drainage of street and roadway pavements is essential to the maintenance of the roadway
service level and to traffic safety. Water on the pavement can interrupt traffic flow, reduce skid
resistance, increase potential for hydroplaning, limit visibility due to splash and spray, and cause difficulty
in steering a vehicle when the front wheels encounter puddles. Surface drainage is a function of
transverse and longitudinal pavement slope, pavement roughness, inlet spacing, and inlet capacity. The
design of these elements is dependent on storm frequency and the allowable spread of stormwater on the
pavement surface.

This section presents design guidance for gutter flow hydraulics originally published in HEC-12, Drainage
of Highway Pavements and AASHTO's Model Drainage Manual.
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Formula

The following form of Manning's Equation should be used to evaluate gutter flow hydraulics:

Q — [056/n] SX5/3 81/2 T8/3 (11)
where:
Q = gutter flow rate, cfs

Sx = pavement cross slope, ft/ft

n = Manning's roughness coefficient
= longitudinal slope, ft/ft

T = width of flow or spread, ft

Equation 1.1 was first presented by C.F. Izzard in 1946.

Nomograph

Figure 1.2 is a nomograph for solving Equation 1.1. Manning's n values for various pavement surfaces
are presented in Table 1.2 below. Note: the nomograph will not work on slopes steeper than 3% - 4% for

2 and 3 |l ane thoroughfares. Al so, the AQO0 in the

Manning's n Table

Tablel1.2 Manningés n Val ues emantrGutsetsr eet and Pa\

Type of Gutter or Pavement Manning's n

Concrete gutter, troweled finish 0.014
Asphalt pavement:

Smooth texture 0.015

Rough texture 0.019
Concrete gutter with asphalt pavement:

Smooth 0.015

Rough 0.018
Concrete pavement:

Float finish 0.017

Broom finish 0.019

For gutters with small slopes, where sediment may accumulate,
increase above values of n by 0.002

Note: Based on the statement of 1zzard (1946) and confirmation by model studies (Ickert and Crosby, 2003), the n-
values given in Table 4-3 of HEC No. 22, 2001, were increased by 18% to derive the n-values in this table.
Uniform Cross Slope
The nomograph in Figure 1.2 is used with the following procedures to find gutter capacity for uniform
cross slopes:
Condition 1: Find spread, given gutter flow.

Step 1l Determine input parameters, including longitudinal slope (S), cross slope (Sx), gutter flow (Q),
and Manning's n.

Step 2  Draw a line between the S and Sx scales and note where it intersects the turning line.

Streets and Closed Conduits HA-7
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Step 3  Draw a line between the intersection point from Step 2 and the appropriate gutter flow value on
the capacity scale. If Manning's n is 0.016, use Q from Step 1; if not; use the product of Q and

n (Qn).

Step4 Read the value of the spread (T) at the intersection of the line from Step 3 and the spread
scale.

Condition 2: Find gutter flow, given spread.

Step1 Determine input parameters, including longitudinal slope (S), cross slope (Sx), spread (T), and
Manning's n.

Step 2  Draw a line between the S and Sx scales and note where it intersects the turning line.

Step3 Draw a line between the intersection point from Step 2 and the appropriate value on the T
scale. Read the value of Q or Qn from the intersection of that line on the capacity scale.

Step4  For Manning's n values of 0.016, the gutter capacity (Q) from Step 3 is selected. For other
Manning's n values, the gutter capacity times n (Qn) is selected from Step 3 and divided by the
appropriate n value to give the gutter capacity.

Streets and Closed Conduits HA-8
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Figure 1.2 Flow in Triangular Gutter Sections
(Source: AASHTO Model Drainage Manual, 1991)
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Composite Gutter Sections

Figure 1.3 in combination with Figure 1.2 can be used to find the flow in a gutter with width (W) less than
the total spread (T). Such calculations are generally used for evaluating composite gutter sections or
frontal flow for grate inlets.

Figure 1.4 provides a direct solution of gutter flow in a composite gutter section. The flow rate at a given
spread or the spread at a known flow rate can be found from this figure. Figure 1.4 involves a complex
graphical solution of the equation for flow in a composite gutter section. Typical of graphical solutions,
extreme care in using the figure is necessary to obtain accurate results.

Condition

1: Find spread, given gutter flow.

Step1l Determine input parameters, including longitudinal slope (S), cross slope (Sx), depressed
section slope (Sw), depressed section width (W), Manning's n, gutter flow (Q), and a trial value
of gutter capacity above the depressed section (Qs).

Step 2  Calculate the gutter flow in W (Qw), using the equation:

Qw=QT Qs (1.2)

Step 3  Calculate the ratios Qw/Q or Eo and Sw/Sx and use Figure 1.3 to find an appropriate value of
WIT.

Step 4  Calculate the spread (T) by dividing the depressed section width (W) by the value of W/T from
Step 3.

Step5 Find the spread above the depressed section (Ts) by subtracting W from the value of T
obtained in Step 4.

Step 6  Use the value of Ts from Step 5 along with Manning's n, S, and Sx to find the actual value of Qs
from Figure 1.2.

Step7 Compare the value of Qs from Step 6 to the trial value from Step 1. If values are not
comparable, select a new value of Qs and return to Step 1.

Condition 2: Find gutter flow, given spread.

Step1l Determine input parameters, including spread (T), spread above the depressed section (Ts),
cross slope (Sx), longitudinal slope (S), depressed section slope (Sw), depressed section width
(W), Manning's n, and depth of gutter flow (d).

Step2  Use Figure 1.2 to determine the capacity of the gutter section above the depressed section
(Qs). Use the procedure for uniform cross slopes, substituting Ts for T.

Step 3  Calculate the ratios W/T and Sw/Sx, and, from Figure 1.3, find the appropriate value of Eo (the
ratio of Quw/Q).

Step4  Calculate the total gutter flow using the equation:

where:
Q = gutter flow rate, cfs
Qs = flow capacity of the gutter section above the depressed section, cfs
Eo = ratio of frontal flow to total gutter flow (Qw/Q)
Step5  Calculate the gutter flow in width (W), using Equation 1.2.
Streets and Closed Conduits HA-10
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Figure 1.3 Ratio of Frontal Flow to Total Gutter Flow
(Source: AASHTO Model Drainage Manual, 1991)
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Examples
Example 1
Given:
T = 8ft
Sy = 0.025 ft/ft
n = 0.015
S = 0.01 f/ft
Find:

1. Flow in gutter at design spread
2. Flow in width (W = 2 ft) adjacent to the curb

Solution:
a. From Figure 1.2, Qn =0.03
Q =Qn/n=0.03/0.015=2.0cfs

b. T=8-2=6ft
(Qn)2 = 0.014 (Figure 1.2) (flow in 6-foot width outside of width (W))
Q =0.014/0.015=0.9 cfs
Qw=20-09=11cfs

Flow in the first 2 ft adjacent to the curb is 1.1 cfs and 0.9 cfs in the remainder of the gutter.

Example 2
Given:
T 6 ft
Sw = 0.0833 ft/ft
Ts = 6-15=451t

W = 15ft
Sx = 0.03 ft/ft
n = 0.014
= 0.04 ft/ft
Find:

Flow in the composite gutter

Solution:

1. Use Figure 1.2 to find the gutter section capacity above the depressed section.
Qsn =0.038
Qs =0.038/0.014 = 2.7 cfs

2. Calculate W/T =1.5/6 = 0.25 and
Sw/Sx = 0.0833/0.03 = 2.78
Use Figure 1.3 to find Eo = 0.64

3. Calculate the gutter flow using Equation 1.3
Q=27/(1-0.64)=7.5cfs

4. Calculate the gutter flow in width, W, using Equation 1.2
Qw=75-27=48cfs

Streets and Closed Conduits HA-13
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Parabolic Cross Slope

The following methodology regarding Parabolic cross-slopes was excerpted from the City of Austin
Drainage Criteria Manual dated July 2003.

FIl ows in the gutter of a parabolically <c¢crowned
Equation, which assumes steady flow in a prismatic open channel. However, this equation is complicated
and difficult to solve for each design case.

To provide a means of determining the flow in the gutter, generalized gutter flow equations for
combinations of parabolic crown heights, curb splits and street grades of different street widths have been
prepared. All of these equations have a logarithmic form.

Note: The street width used in this section is measured from face of curb to face of curb.

Streets Without Curb Split

Curb split is the vertical difference in elevation between curbs at a given street cross section. The gutter
flow equation for parabolic crown streets without any curb split is:

log Q =Ko +Kilog So + Kz log yo (1.4)
where:
Q = Gutter flow rate, cfs

So = Street grade, ft/ft
Yo = Water depth in the gutter, feet

Ko, K1, K2 = Constant coefficients shown in Table 1.3 for different street widths
Table 1.3 Coefficients for Equation 1.4, Streets Without
Curb Split
Street Width* (ft) Coefficients
Ko K1 K2
30 2.85 0.50 3.03
36 2.89 0.50 2.99
40 2.85 0.50 2.89
44 2.84 0.50 2.83
48 2.83 0.50 2.78
60 2.85 0.50 2.74
*Note: Based on the Transportation Criteria Manual the street
width is measured from face of curb to face of curb (FOC-FOC).
Source: City of Austin, Watershed Engineering Division

Streets With Curb Split

The gutter flow equation for parabolic crown streets with curb split is:

log Q =Ko+ Kilog Sp + K2 log yo + K3 (CS) (1.5)
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where:
Q = Gutter flow rate, cfs

So = Street grade, ft/ft

yo = Water depth in the gutter, feet

CS = Curb split, feet
Constant coefficients shown in Tables 1.4 and 1.5

Ko, K1, K2, Kz =

The K values in Equation 1.5 are found in Tables 1.4 and 1.5 for different street widths. Table 1.4 is used
when calculating the higher gutter flows, and Table 1.5 is used when calculating the lower gutter flows.

Table 1.4 Coefficients for Equation 1.5, Streets With Curb Split i Higher Gutter

Street Width* (ft) Coefficients %"* :f'ti:t
Ko K1 K2 K3
30 2.85 0.50 3.03 0.131 0.0-0.6
36 2.89 0.50 2.99 10.140 0.0-0.8
40 2.85 0.50 2.89 -0.084 0.0-0.8
44 2.84 0.50 2.83 10,001 0.0-0.9
48 283 0.50 2.78 10.095 0.0-1.0
60 2.85 0.50 2.74 -0.043 0.0-1.2

Source: City of Austin, Watershed Engineering Division

Table 1.5 Coefficients for Equation 1.5, Streets With Curb Split i Lower Gutter
Street Width* (ft) Coefficients %‘L Eflti:t
Ko K1 K2 Ks

30 2.70 0.50 2.74 -0.215 0.0-0.6
36 2.74 0.50 2.73 -0.214 0.0-0.8
40 2.75 0.50 2.73 -0.198 0.0-0.8
44 2.76 0.50 2.73 -0.186 0.0-0.9
48 2.77 0.50 2.72 -0.175 0.0-1.0
60 2.80 0.50 2.71 -0.159 0.0-1.2

Source: City of Austin, Watershed Engineering Division

All the crown heights for different street widths are calculated by the following equation:

Crown Height (feet) = 0.5 * W * Sy

where,

W = street width, feet
Sx = road cross slope, ft/ft

Streets and Closed Conduits
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Parabolic Crown Location

The gutter flow equation presented for parabolic crowns with split curb heights is based on a procedure
for locating the street crown. The procedure allows the street crown to shift from the street center line
toward the high % point of the street in direct proportion to the amount of curb split. The maximum curb
split occurs with the crown at the ¥4 point of the street. The maximum allowable curb split for a street with
parabolic crowns is 0.02 feet per foot of street width, except for 30-foot side streets where the maximum
curb split is considered to be 5 feet..

Example: Determination of Crown Location
Given: 0.4 feet Design split on 30-foot wide street.

Maximum Curb Split = 0.02 x street width
= 0.2 x 30 feet = 0.6 feet

Maximum Movement = ¥4 street width for 30-foot street
=Y, x 30 feet = 7.5 feet

Split Movement = (Design Split x W/Maximum Split x 4)
= (0.4 x 30/0.6 x 4) = 5 feet

Curb splits that are determined by field survey, whether built intentionally or not, should be considered
when determining the capacity of the curb flow.

Special consideration should be given when working with cross sections which have the pavement crown
above the top of curb. When the crown exceeds the height of the curb the maximum depth of water is
equal to the height of the curb, not the crown height. It should be noted that a parabolic section where the
crown equals the top of curb will carry more water than a section which has the crown one (1) inch above
the top of curb. For other parabolic roadway sections not included in Tables 1.3, 1.4, and 1.5, see HEC-
22 Urban Design Manual by the Federal Highway Administration, dated August 2001.

1.2.5 Stormwater Inlets

Inlets are drainage structures used to collect surface water through grate or curb openings and convey it
to storm drains or direct outlet to culverts. Grate inlets subject to traffic should be bicycle safe and be
load-bearing adequate. Appropriate frames should be provided.

Inlets used for the drainage of highway surfaces can be divided into three major classes:

1 Grate Inlets i These inlets include grate inlets consisting of an opening in the gutter covered by one
or more grates, and slotted inlets consisting of a pipe cut along the longitudinal axis with a grate or
spacer bars to form slot openings.

Curb-Opening Inlets i These inlets are vertical openings in the curb covered by a top slab.

Combination Inlets T These inlets usually consist of both a curb-opening inlet and a grate inlet placed
in a side-by-side configuration, but the curb opening may be located in part upstream of the grate.

Inlets may be classified as being on a continuous grade or in a sump. The term "continuous grade" refers
to an inlet located on the street with a continuous slope past the inlet with water entering from one
direction. The "sump" condition exists when the inlet is located at a low point and water enters from both
directions. Sump areas should have an overflow route or channel.

Where significant ponding can occur, in locations such as underpasses and in sag vertical curves in
depressed sections, it is good engineering practice to place flanking inlets on each side of the inlet at the
low point in the sag. The flanking inlets should be placed so they will limit spread on low gradient
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approaches to the level point and act in relief of the inlet at the low point if it should become clogged or if
the design spread is exceeded.

The design of grate inlets will be discussed in Section 1.2.6, curb inlet design in Section 1.2.7, and
combination inlets in Section 1.2.8.

1.2.6 Grate Inlet Design

Grate Inlets on Grade

The capacity of an inlet depends upon its geometry and the cross slope, longitudinal slope, total gutter
flow, depth of flow, and pavement roughness. The depth of water next to the curb is the major factor in
the interception capacity of both gutter inlets and curb opening inlets. At low velocities, all of the water
flowing in the section of gutter occupied by the grate, called frontal flow, is intercepted by grate inlets, and
a small portion of the flow along the length of the grate, termed side flow, is intercepted. On steep slopes,
only a portion of the frontal flow will be intercepted if the velocity is high or the grate is short and splash-
over occurs. For grates less than 2 feet long, intercepted flow is small.

A parallel bar grate is the most efficient type of gutter inlet; however, when crossbars are added for
bicycle safety, the efficiency is greatly reduced. Where bicycle traffic is a design consideration, the
curved vane grate and the tilt bar grate are recommended for both their hydraulic capacity and bicycle
safety features. They also handle debris better than other grate inlets but the vanes of the grate must be
turned in the proper direction. Where debris is a problem, consideration should be given to debris
handling efficiency rankings of grate inlets from laboratory tests in which an attempt was made to
qualitatively simulate field conditions. Table 1.6 presents the results of debris handling efficiencies of
several grates. Debris handling efficiencies were based on the total number of simulated leaves arriving
at the grate and the number passed.

The ratio of frontal flow to total gutter flow, Eg, for straight cross slope is expressed by the following
equation:

Eo = Quw/Q=1-(1-WIT)** (1.6)
where:
Q = total gutter flow, cfs
Qw = flow in width W, cfs
W = width of depressed gutter or grate, ft
T = total spread of water in the gutter, ft
Table 1.6 Grate Debris Handling Efficiencies
Longitudinal Slope
Rank Grate
(0.005) (0.04)
1 CV-3-1/4 - 4-1/4 46 61
2 30-3-1/4-4 44 55
3 45-3-1/4 - 4 43 48
4 P-1-7/8 32 32
5 P-1-7/8 -4 18 28
6 45-2-1/4-4 16 23
7 Reticuline 12 16
8 P-1-1/8 9 20

Source: "Drainage of Highway Pavements" (HEC-12), Federal Highway Administration, 1984.
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Figure 1.3 provides a graphical solution of E, for either depressed gutter sections or straight cross slopes.
The ratio of side flow, Qs, to total gutter flow is:

Qs/Q=1-QuwW/Q=1-E, 2.7)
The ratio of frontal flow intercepted to total frontal flow, Ry, is expressed by the following equation:
Ri=1-0.09 (V- Vp) (1.8)
where:
V = velocity of flow in the gutter, ft/s (using Q from Figure 1.2)

Vo = gultter velocity where splash-over first occurs, ft/s (from Figure 1.5)

This ratio is equivalent to frontal flow interception efficiency. Figure 1.5 provides a solution of Equation
1.8, which takes into account grate length, bar configuration and gutter velocity at which splash-over
occurs. The gutter velocity needed to use Figure 1.5 is total gutter flow divided by the area of flow. The
ratio of side flow intercepted to total side flow, Rs, or side flow interception efficiency, is expressed by:

Rs=1/[1+ (0.15V1-8/SXL2-3)] (1.9)
where:

L = length of the grate, ft
Figure 1.5 provides a solution to Equation 1.9.

The efficiency, E, of a grate is expressed as:
E = RiEo + Rs(1 - Eo) (1.10)

The interception capacity of a grate inlet on grade is equal to the efficiency of the grate multiplied by the
total gutter flow:

Qi = EQ = Q[REo + Rs(1 - Eo)] (1.112)

The following example illustrates the use of this procedure.

Given:
W=2ft
T=8ft
Sx = 0.025 ft/ft
S =0.01 ft/ft
Eo = 0.69
Q=3.0cfs
V =3.1ft/s

Gutter depression = 2 in

Find:
Interception capacity of:
1. acurved vane grate, and
2. areticuline grate 2-ft long and 2-ft wide

Solution:
From Figure 1.5 for Curved Vane Grate, Rr= 1.0
From Figure 1.5 for Reticuline Grate, Rf = 1.0
From Figure 1.6 Rs = 0.1 for both grates
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From Equation 1.11:
Qi=3.0[1.0 X0.69 + 0.1(1 - 0.69)] = 2.2 cfs

For this example, the interception capacity of a curved vane grate is the same as that for a reticuline grate
for the sited conditions.
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Grate Inlets in Sag

A grate inlet in a sag operates as a weir up to a certain depth, depending on the bar configuration and
size of the grate, and as an orifice at greater depths. For a standard gutter inlet grate, weir operation
continues to a depth of about 0.4 feet above the top of grate and when depth of water exceeds about 1.4
feet, the grate begins to operate as an orifice. Between depths of about 0.4 feet and about 1.4 feet, a
transition from weir to orifice flow occurs.

The capacity of grate inlets operating as a weir is;
Qi = CPd?t?® (1.12)
where:
P perimeter of grate excluding bar widths and the side against the curb, ft
C = 30
d = depth of water above grate, ft

and as an orifice is:
Qi = CA(2gd)%> (1.13)
where:
C = 0.67 orifice coefficient
A = clear opening area of the grate, ft2
g = 32.2ft/s?

Figure 1.7 is a plot of Equations 1.12 and 1.13 for various grate sizes. The effect 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 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. The following example illustrates the use of this figure.

Given:

A symmetrical sag vertical curve with equal bypass from inlets upgrade of the low point; allow for 50%
clogging of the grate.

Qv = 3.6¢cfs

Q = 8cfs, 25-year storm
T = 10 ft, design

Sx = 0.05 ft/ft

d = TSx=05ft

Find:
Grate size for design Q. Check spread at S = 0.003 on approaches to the low point.

Solution:
From Figure 1.7, a grate must have a perimeter of 8 ft to intercept 8 cfs at a depth of 0.5 ft.

Some assumptions must be made regarding the nature of the clogging in order to compute the capacity
of a partially clogged grate. If the area of a grate is 50% covered by debris so that the debris-covered
portion does not contribute to interception, the effective perimeter will be reduced by a lesser amount than
50%. For example if a 2-ft x 4-ft grate is clogged so that the effective width is 1 ft, then the perimeter, P =
1+ 4 + 1 =6 ft, rather than 8 ft, the total perimeter, or 4 ft, half of the total perimeter. The area of the
opening would be reduced by 50% and the perimeter by 25%.

Streets and Closed Conduits HA-22
April 2010, Revised 9/2014



iISWM™ Technical Manual Hydraulics
10 r . r A
N / VA,
- GRATE OPENING RATIO g/ / / / / //
6 |—- P-1-778-4 0.8 ~
| P-1ws 0.9 iy o/ —1 / / //
5 - P=1-1/8 06 7 . / Y
a Reticuline 08 © / A
- Curved vane 0.35 / / / 77® /
30° tilt-bor 0.34 : )
N / /o / 4
« Tested / / / / / /
\ / v /
A
E /
-‘t- - / -
- l
= 1 | / 5 i /|
- = i i/ ! B
< | / :
b o8 //‘ . 4//1
[—] i
x =
e o ]
a2 7/ CURS
 mm————— |
C————1}
———
C————3 _I_ )
o L —
A =CLEAR OPENING AREA i
Pz2W+L {WTH CURB)
/ ‘P =2(W+L)  (WITHOUT CURB)
[o}] L L 1 ] 1 L 1 [ S |
t 2 3 4 5 & g 10 20 30 40 50 60 80 100
DISCHARGE 0 (FT¥/S)

AReference: USDOT, FHWA, HEC-12 (1884).

Figure 1.7 Grate Inlet Capacity in Sag Conditions
(Source: HEC-12, 1984)

Therefore, assuming 50% clogging along the length of the grate, a4 x 4, a 2 x 6, or a 3 x 5 grate would
meet requirements of an 8-ft perimeter 50% clogged.

Assuming that the installation chosen to meet design conditions is a double 2 x 3 ft grate, for 50%
clogged conditions: P=1+6+1=8ft

For 25-year flow: d = 0.5 ft (from Figure 1.7)

The American Society of State Highway and Transportation Officials (AASHTQO) geometric policy
recommends a gradient of 0.3% within 50 ft of the level point in a sag vertical curve.
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Check T at S = 0.003 for the design and check flow:
Q =3.6cfs, T = 8.2 ft (25-year storm) (from Figure 1.2)

Thus a double 2 x 3-ft grate inlet with 50% clogging is adequate to intercept the design flow at a spread
that does not exceed design spread, and to ensure the spread on the approaches to the low point will not
exceed design spread. However, the tendency of grate inlets to clog completely warrants consideration
of a combination inlet or curb-opening inlet in sag where ponding can occur, as well as flanking inlets on
the low gradient approaches.

1.2.7 Curb Inlet Design
Curb Inlets on Grade

Following is a discussion of the procedures for the design of curb inlets on grade. Curb-opening inlets
are effective in the drainage of pavements where flow depth at the curb is sufficient for the inlet to perform
efficiently. Curb openings are relatively free of clogging tendencies and offer little interference to traffic
operation. They are a viable alternative to grates in many locations where grates would be in traffic lanes
or would be hazardous for pedestrians or bicyclists.

The length of curb-opening inlet required for total interception of gutter flow on a pavement section with a
straight cross slope is determined using Figure 1.8. The efficiency of curb-opening inlets shorter than the
length required for total interception is determined using Figure 1.9.

The length of inlet required for total interception by depressed curb-opening inlets or curb-openings in
depressed gutter sections can be found by the use of an equivalent cross slope, Se, in the following
equation:

Se = Sx + S'wEo (1.14)
where:

Eo = ratio of flow in the depressed section to total gutter flow

S'w = cross slope of gutter measured from the cross slope of the pavement, Sx (ft/ft)
w = (a/12W)

Q
1

gutter depression, in
width of depressed gutter, ft

=
1

It is apparent from examination of Figure 1.8 that 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.
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Design Steps
Steps for using Figures 1.8 and 1.9 in the design of curb inlets on grade are given below.

Step 1

Step 2

Step 3

Determine the following input parameters:

Cross slope = Sx (ft/ft)

Longitudinal slope = S (ft/ft)

Gutter flow rate = Q (cfs)

Manning's n =n

Spread of water on pavement = T (ft) from Figure 1.2

Enter Figure 1.8 using the two vertical lines on the left side labeled n and S. Locate the value
for Manning's n and longitudinal slope and draw a line connecting these points and extend this

line to the first turning line.

Locate the value for the cross slope (or equivalent cross slope) and draw a line from the point
on the first turning line through the cross slope value and extend this line to the second turning

line.
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Step 4  Using the far right vertical line labeled Q locate the gutter flow rate. Draw a line from this value
to the point on the second turning line. Read the length required from the vertical line labeled
Lt.

Step 5  If the curb-opening inlet is shorter than the value obtained in Step 4, Figure 1.9 can be used to
calculate the efficiency. Enter the x-axis with the L/Lt ratio and draw a vertical line upward to
the E curve. From the point of intersection, draw a line horizontally to the intersection with the
y-axis and read the efficiency value.

Example
Given:
Sx = 0.03 ft/ft
n = 0.016
S = 0.035 ft/ft
Q = b5¢cfs
S'w= 0.083(@a=2in, W =2ft)

Find:
1. Qifor a 10-ft curb-opening inlet
2. Qifor a depressed 10-ft curb-opening inlet with a =2 in, W = 2 ft, T = 8 ft (Figure 1.2)

Solution:

1. From Figure 1.8, Lt =41 ft, L/Lt = 10/41 =0.24
From Figure 1.9, E=0.39, Qi=EQ =0.39 x5 =2cfs

2. Qn=5.0x0.016 =0.08 cfs
Sw/Sx = (0.03 + 0.083)/0.03 = 3.77
T/W = 3.5 (from Figure 1.4)
T=35x2=7ft
WIT =2/7=0.29 ft
Eo = 0.72 (from Figure 1.3)
Therefore, Se = Sx + S'wEo = 0.03 + 0.083(0.72) = 0.09

From Figure 1.8, Lt = 23 ft, L/Lt = 10/23 = 0.43
From Figure 1.9, E = 0.64, Qi=0.64 x5 = 3.2 cfs

The depressed curb-opening inlet will intercept 1.6 times the flow intercepted by the undepressed curb
opening and over 60% of the total flow.

Curb Inlets in Sump

For the design of a curb-opening inlet in a sump location, the inlet operates as a weir to depths equal to
the curb opening height and as an orifice at depths greater than 1.4 times the opening height. At depths
between 1.0 and 1.4 times the opening height, flow is in a transition stage.

The capacity of curb-opening inlets in a sump location can be determined from Figure 1.10, which
accounts for the operation of the inlet as a weir and as an orifice at depths greater than 1.4h. This figure
is applicable to depressed curb-opening inlets and the depth at the inlet includes any gutter depression.
The height (h) in the figure assumes a vertical orifice opening (see sketch on Figure 1.10). The weir
portion of Figure 1.10 is valid for a depressed curb-opening inlet when d < (h + a/12).

The capacity of curb-opening inlets in a sump location with a vertical orifice opening but without any
depression can be determined from Figure 1.11. The capacity of curb-opening inlets in a sump location
with other than vertical orifice openings can be determined by using Figure 1.12.
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Design Steps

Steps for using Figures 1.10, 1.11, and 1.12 in the design of curb-opening inlets in sump locations are

given below.

Step1  Determine the following input parameters:

Cross slope = Sx (ft/ft)

Spread of water on pavement = T (ft) from Figure 1.2

Gutter flow rate = Q (cfs) or dimensions of curb-opening inlet [L (ft) and H (in)]
Dimensions of depression if any [a (in) and W (ft)]

Step2  To determine discharge given the other input parameters, select the appropriate Figure (1.10,
1.11, or 1.12 depending on whether the inlet is in a depression and if the orifice opening is
vertical).

Step 3  To determine the discharge (Q), given the water depth (d), locate the water depth value on the
y-axis and draw a horizontal line to the appropriate perimeter (p), height (h), length (L), or width
x length (hL) line. At this intersection draw a vertical line down to the x-axis and read the
discharge value.

Step4  To determine the water depth given the discharge, use the procedure described in Step 3
except enter the figure at the value for the discharge on the x-axis.

Streets and Closed Conduits HA-28

April 2010, Revised 9/2014



iSWM™ Technical Manual

Hydraulics

FLOW Ahl
M y i
2 J—
h dT 1 !
e e cidl V_LLZJJ_LTI.
Qb W —i a - : !
A —
SECTION A-A
4 T v
rr\é" k]
3 ,,‘3/' ~ ~ e
<
'/ .
2 / hs
E / / Y,
: V.
. LS *
- / >
H 0.9 /: // / //
~ on 4 ARVIAVIAY
0.7 A / // // /
0.6
05 = g
E o 0% ’/’::///
=T A1
-
: ' /A%ﬁ///&;%/
24
& &%
= "
-
<
E
I 2 3 4 5 6 78910 20 30 40
DISCHARGE Q (FT3/S)

Figure 1.10 Depressed Curb-Opening Inlet Capacity in Sump Locations
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Example:
Given:

Curb-opening inlet in a sump location
L = 5ft
h = 5in

1. Undepressed curb opening
Sx = 0.05 ft/ft
T = 8ft

2. Depressed curb opening
Sx = 0.05 ft/ft
a 2in
W= 2ft
T 8 ft

Find:
Discharge Qi

Solution:

1. d = TSx=8x0.05=0.4ft
d < h
From Figure 10, Qi = 3.8 cfs

2. d = 04ft
h+a/l12=(5+2/12)/12 = 0.43 ft

since d < 0.43 the weir portion of Figure 1.10 is applicable (lower portion of the figure).

P =L+18W=5+36=8.6ft
From Figure 1.9, Qi =5 cfs

At d = 0.4 ft, the depressed curb-opening inlet has about 30% more capacity than an inlet without
depression.

1.2.8 Combination Inlets
Combination Inlets on Grade

On a continuous grade, the capacity of an unclogged combination inlet with the curb opening located
adjacent to the grate is approximately equal to the capacity of the grate inlet alone. Thus capacity is
computed by neglecting the curb opening inlet and the design procedures should be followed based on
the use of Figures 1.5, 1.6, and 1.7.

Combination Inlets in Sump

All debris carried by stormwater runoff that is not intercepted by upstream inlets will be concentrated at
the inlet located at the low point, or sump. Because this will increase the probability of clogging for grated
inlets, it is generally appropriate to estimate the capacity of a combination inlet at a sump by neglecting
the grate inlet capacity. Assuming complete clogging of the grate, Figures 1.10, 1.11, and 1.12 for curb-
opening inlets should be used for design.
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1.2.9 Closed Conduit Systems (Storm Drains/ Sewers)

Storm drain pipe systems, also known as storm sewers, are pipe conveyances used for transporting
runoff from roadway and other inlets to outfalls at other structural stormwater controls and receiving
waters.  Pipe drain systems are suitable mainly for medium to high-density residential and
commercial/industrial development where the use of natural drainageways and/or vegetated open
channels is not feasible.

Closed conduit system are composed of different lengths and sizes of conduits (system segments)
connected by appointment structures (system nodes). Segments are most often circular pipe, but can be
a box or other enclosed conduit. Materials used are usually corrugated metal, plastic, and concrete but
may be of other materials.

Appurtenant structures serve many functions. Inlets, access holes, and junction chambers are presented
in this section.

Inlets

The primary function is to allow surface water to enter the closed conduit system. Inlet structures may
also serve as access points for cleaning and inspection. Typical inlets structures are a standard drop
inlet, catch basin, curb inlet, combination inlet, and Y inlet. (See Figures 1.13 and 1.14).

a. Standard Drop Inlet b. Catch Basin

/ Access Door Grate

O
"-“ # o
a’ - B *
¢. Curb Inlet d. Combination Inlet

Figure 1.13 Inlet Structures
(HEC 22, 2001)
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