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1 INTRODUCTION

1.1 PURPOSE AND SCOPE

This Drainage Design Manual (Manual) establishes design standards and procedures for
stormwater drainage and flood management facilities in San Diego County, California. These
design standards and procedures provide guidance to local jurisdictions, design engineers,
developers, contractors, and others in the selection, design, construction, and maintenance of
stormwater drainage and flood management facilities. This Manual covers the following topics:

O Street Drainage and Inlets
Storm Drains

Culverts

Open Channels

Detention Basins

Energy Dissipaters

O 00 0 o0 0O

Debris Basins and Barriers

This manual limits its content to the planning and design infrastructure in the context of
stormwater conveyance and flood management. For issues of stormwater quality, readers are
directed to other resources, specifically the San Diego County Stormwater Standards Manual.

1.2 POLICIES

Application of Design Standards. 1t is the policy of the County of San Diego that stormwater
drainage and flood management facilities adhere to the criteria presented in this Manual
whenever possible. Governmental agencies and engineers shall utilize this Manual in planning
new facilities and in their review of proposed work by developers, private parties, and other
government agencies where the County has discretionary approval of these projects.

Exceptions to Design Standards. The County of San Diego recognizes that it is not possible to
prescribe design standards and procedures for all situations. For instance, there are many already-
developed areas within the San Diego region that do not fully conform to the drainage standards
presented in this Manual. Upgrading existing facilities in previously developed areas to conform
to all policies, criteria, and standards outlined in this Drainage Design Manual can be difficult, if
not impractical, outside the context of complete redevelopment or renewal.

Exceptions may be made when the Director of Public Works determines that (1) the strict
application of the design and procedures to a specific situation may result in unreasonable
requirement for a particular project; and (2) an exception to standard drainage criteria would not
detrimental to public health, life, or safety.

The design standards and procedures outlined in this Manual have been formulated so that their
application in the overall planning and design of drainage and flood management facilities should
be reasonable, practical, and economical in the vast majority of situations, so that such exceptions
should be quite rare.
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Chapter 1. Introduction

Engineers and planners should also consider that certain critical facilities might require a higher
level of protection than the minimum protection levels stated in this Manual. Governing
Agencies may require that critical infrastructure or emergency facilities have additional
protection so their functioning will not be compromised during large flood events. Such
extraordinary protection levels will be considered on a case-by-case basis at the discretion of
County of San Diego or governing Agency.

Preference for Natural Conveyance Systems. The County of San Diego recognizes the inherent
benefits of natural conveyance systems and systems designed with natural materials (i.e.,
drainageways and channels lined with vegetation rather than concrete or hardscape material) for
protecting the beneficial uses of local water resources. These benefits include enhanced water
quality and habitat, as well as aesthetic value. Therefore, the County prefers natural or naturally-
lined conveyance systems as the most desirable form of drainage and flood management
facilities. Natural or naturally-lined conveyance systems should be used whenever feasible from
an economic and design standpoint, and when such a conveyance system would not be
detrimental to public health, life, or safety.

Update of Design Standards. The criteria described by this Manual shall be revised and updated
as necessary to reflect advances in drainage engineering and water resources management.

1.3 DRAINAGE LAW

The body of legal case law concerning drainage is too extensive for a comprehensive discussion
in this Manual. However, there are many legal principles that might affect landowners and the
design engineers involved in the design, construction, and maintenance of drainage facilities.
Drainage law in California is based on several principles that can essentially be described as
“good neighbor” policies of what constitutes reasonable action (for example, Keys v. Romley,
1966 et al.). These principles are:

0 Every landowner has right to discharge surface water in a reasonable manner.

O Lower landowners have an obligation to accept upper landowners naturally flowing
surface waters.

0 Every landowner must take reasonable care to avoid damage to adjacent properties.

Many court decisions regarding drainage law have based upon these principles. For instance, it is
generally accepted that upstream landowners may not increase the volume or velocity of surface
flows to the detriment of downstream landowners. Readers of this Manual are encouraged to
have a familiarity with drainage law and practice their drainage design, construction, and
maintenance in a manner consistent with “good neighbor” policies.

1.4 AUTHORITY AND JURISDICTION OF THE COUNTY OF SAN DIEGO

The California State Legislature passed the Flood Control District Act in 1966, and then amended
it in 1985. The Flood Control District Act created the San Diego County Flood Control District
(FCD) and authorized it to protect the land, properties, facilities, and people within the
unincorporated areas of the County from damage caused by storm and floodwaters. Further
legislative authorizations for the FCD and its activities pertaining to stormwater drainage and
flood management can be found in the following sources:

State of California Subdivision Map Act
0 Division 2 Chapter 4 Article 1 §66474.7
0 Division 2 Chapter 4 Article 5 §66483
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Q Division 2 Chapter 4 Article 6 §66488

San Diego County Code of Regulatory Ordinances

O Watershed Protection, Stormwater Management, and Discharge Control Ordinance
(Title 6, Division 7, Chapter 8)

Excavation And Grading, Clearing, And Watercourses Ordinance (Title 8, Division 7)
Flood Damage Prevention Ordinance (Title 8, Division 11)

Subdivision Ordinance (Title 8, Division 1)

Drainage Fee Ordinance (Title 8, Division 10, Chapter 2)

County Building Code (Title 5, Division 1)

Resource Protection Ordinance (Ordinance Nos. 7968, 7739, 7685 and 7631)

1.5 USE OF STANDARD DRAWINGS

This Manual incorporates by reference the San Diego Regional Standard Drawings (SD-RSD),
and designers may safely assume that these standard drawings are compatible with the guidelines
presented in this Manual. Standard drawings published by the American Public Works
Association (APWA) for Southern California, the California Department of Transportation
(Caltrans), Los Angeles County Department of Public Works, and Orange County Department of
Public Works may be used when the San Diego Regional Standards are silent regarding a
particular design situation. Other resources may also be used for the design of stormwater
drainage and flood management facilities, subject to review and approval by the governing
Agency.

1.6 DEFINITIONS AND LIST OF ABBREVIATIONS/SYMBOLS

I I I N A

FCD Flood Control District

SD-RSD San Diego Regional Standard Drawings
APWA American Public Works Association

Caltrans California Department of Transportation
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2 STREET DRAINAGE AND INLETS

2.1 INTRODUCTION

Roadway drainage and inlet design are critical components of a stormwater drainage system. The
surface drainage system must be consistent with the capacity of the storm conveyance system
immediately downstream (discussed in Section 3). The design of roadway drainage and inlets is
guided by the following principles:

O Promote the safe passage of pedestrian and vehicular traffic, and maintain public
safety and manage flooding during storm events.

O Minimize capital and maintenance costs of the drainage system.

This chapter summarizes the general design criteria for roadway drainage and inlet design in San
Diego County and describes the methods to apply when designing these drainage systems.

2.2 DESIGN CRITERIA

The capacity of surface drainage system (street capacity and inlet interception capacity) must be
consistent with that of the stormwater conveyance system immediately downstream. The
roadway conveyance capacity is constrained by the width, depth, and velocity of flow.

2.2.1 Roadway Drainage

Roadway cross-sections must have the capacity to convey the peak discharge from a 50-year
design event, within constraints on flow width, depth, and velocity. For prime arterial, major,
collector, commercial, and industrial roads the maximum flow width is 20 feet or to the top of
curb or dike, whichever is less, during the 100-year design event. All road cross-sections must
have the capacity to convey the peak discharge from a 100-year design event without causing
damage to property adjacent to the right-of-way. In practice, this means that the peak 100-year
discharge must be contained within the limits of the right-of-way of the road cross-section. The
maximum depth of flow in the roadway shall allow 0.1 foot (1.2 inches) of freeboard below the
top of curb during a 50-year design event. The maximum product of velocity and depth shall be
less than 6 ft*/second. Section 2.3 discusses the calculation of flow width, depth, and velocity.

2.2.2 Inlets
2.2.2.1 Inlet Location
Mandatory Inlet Locations

Storm drain inlets must be placed at prescribed locations in order to protect the public safety and
provide a minimally functional storm drainage system. These locations include:

1. Locations where flow in roadway cross-section exceeds the limitations prescribed in
Section 2.2.1, above;

2. Low points in the roadway profile, such as sumps;

3. On the upstream side of super-clevated roadway cross-sections (located in a manner
such that no more than 0.1 acre contributes to flow crossing traffic lanes); and

4. At intersections where flow is directed towards the intersection without relief from a
Cross gutter.
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Chapter 2. Street Drainage and Inlets

Recommended Inlet Locations

The designer may desire to locate inlets at locations in addition to the minimally prescribed
locations in order to improve the function of a storm drain system. These locations include:

1. Locations where there is a change to the roadway cross-slope.

2. Downstream of changes in roadway longitudinal slope, especially in locations of
reduced roadway grade to prevent sedimentation and increase safety. Locating inlets
at the downstream side of longitudinal roadway grade changes allow the designer to
utilize the higher depth developed by the reduced longitudinal grade in the roadway.
Because water depth changes gradually due to momentum, it is more efficient to
locate the inlet a minimum distance from the beginning point of the vertical curve
(Figure 2-1).

The designer shall locate inlets in a manner to minimize the necessity of cross-gutters, and avoid
locating inlets where they would necessitate a local depression at the median.

Local Street Intersections with Arterial or Collector Streets. Where local streets intersect with
arterial or collector streets, the grade of the arterial or collector street shall continue uninterrupted.
For drainage purposes, a cross gutter may be used perpendicular to the local street to covey flow
across the intersection when necessary. The cross gutter shall be sufficient to convey runoff
across the intersection with a spread equivalent to that allowed on the street.

Collector or Arterial Street Intersections. In the case where two collector or arterial streets
intersect, the longitudinal grade of the more major street shall be maintained as much as possible.
No form of cross gutter shall be constructed across major streets for drainage purposes. Cross
gutters across the intersection may be considered for collector streets, but only in rare cases and
with governing Agency approval.

2.2.2.2 Inlet Capacity
Capacity of Inlets on Continuous Grade

Inlets on continuous grade shall be designed to intercept a minimum of 85 percent of the peak
discharge from the 50-year design event wherever practical. That is to say, 15 percent of the flow
may be allowed to bypass the inlet. The bypassed flow must be included in the capacity
calculations for the next downstream inlet, whether it be on continuous grade or within a sump.

Capacity of Inlets in Sumps

Inlets located in sump locations must be able to intercept the peak discharge from a 100-year
design event. Inlets within sump locations require a secondary (emergency) outlet for sump
waters whenever practical. Designers should note that the secondary outlet need not be another
drainage structure, but might be accomplished by a swale (with appropriate drainage easement,
when needed) that allows water to flow between dwelling units.

2.2.2.3 Inlet Types and Configurations

There are four basic types of inlets (catch basins) that may be applied within the context of
roadway drainage: (1) curb-opening (standard) catch basins; (2) grated catch basins; (3)
combination curb-opening-grated catch basins; and (4) slotted drain catch basins. In addition to
roadway drainage catch basins, there are similar catch basins that may be applied in contexts
outside of the roadway.
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Chapter 2. Street Drainage and Inlets

Standard Curb-Opening Inlets

Standard curb-opening inlets are usually the most practical type of roadway drainage. They tend
to resist clogging and offer little interference to vehicular, bicycle, or pedestrian traffic.
Depressed curb inlets are generally more efficient hydraulically than curb inlets without a
depression.

Grated Catch Basin Inlets

Grated catch basins are openings in the gutter that are covered by one or more grates, through
which water flows. When located on shallow continuous grades, grate inlets can be more
efficient than curb-opening inlets. The design of a grate inlet must consider hydraulic efficiency;
vehicular, bicycle and pedestrian safety; and structural adequacy.

The efficiency of a grated inlet on a continuous grade increases when part of the flow is allowed
to bypass the inlet because there is a greater depth of flow over the grate. Grated catch basin
inlets are generally not recommended in the following situations:

0 at median curbs;
O in sumps or where the roadway grade is less than one percent;

O on roadways with a grade of greater than five percent, unless used in combination with a
curb opening when practical.

The designer is advised to keep pedestrian and vehicular considerations in mind when proposing
grated catch basins, as they have a potential to interfere with vehicular, bicycle, and pedestrian
traffic. Grated inlets must not extend into traffic lanes.

Combination Catch Basin Inlets

Combination inlets allow designers to take advantages of the features of both curb opening inlets
and grate inlets. When a grate inlet is desired, a combination inlet is recommended wherever
practical.

Slotted Drain Catch Basin Inlets

A slotted drain intercepts sheet flow and conveys it through a pipe immediately below the slots
and parallel to the curb. Slotted drain catch basin inlets are most effective when street slopes are
shallow. Their primary advantage is that they offer little interference to vehicular, bicycle, or
pedestrian traffic.

Inlet Configuration

With combination inlets, the grate inlet must be located on the downstream side of the curb
opening when the combination inlet is located on continuous grade, or in the middle of the curb
opening when the inlet is located within a sump. This allows the curb opening to skim off debris
and prevent clogging of the grate.

2.2.2.4 Inlet Depression

When a shoulder or parking lane separates the curb inlet from traffic lanes, a maximum
depression depth of 0.33 feet (4 inches) is allowed; when an inlet is adjacent to traffic lanes (for
instance, at medians), 0.17 feet (2 inches) of depression is allowed.
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2.3 DESIGN PROCEDURE
2.3.1 Gutter Flow

This manual calculates flow depth and velocity under the assumption of uniform flow for typical
roadway cross-sections with 6-inch and 8-inch curb heights, standard gutter widths, and 2 percent
cross-slope. The conveyance is determined using the Uniform Flow (Manning) Equation:

0= 1D (g (2-1)
n

where ...

= discharge (ft'/s);

Manning roughness coefficient (dimensionless);

flow area (ft*);

hydraulic radius (ft); and

= longitudinal gutter slope (not roadway cross-slope) (ft/ft).

s IS0
I

Figure 2-2 and Figure 2-3 provide the depth and velocity of flow versus the longitudinal slope
and discharge for standard 6-inch and 8-inch curb and gutter configurations, respectively. The
designer is referred to the Federal Highway Administration’s Urban Drainage Design Manual
(HEC-22) for guidance for other curb and gutter configurations. Curb and gutter configurations
other than a San Diego Regional Standard 6-inch curb and gutter require prior approval from the
governing Agency.

2.3.2 Inlet Design
2.3.2.1 Curb Inlets
Curb Inlets on Grade

Full Interception

The capacity of a curb inlet on continuous grade depends on gutter slope, depth of flow in the
gutter, the dimensions of the curb opening, and the amount of depression at the catch basin.
Equation 2-2 describes the capacity (Q) of a curb inlet assuming full (100 percent) interception.

32
Q/L,=0.7(a+y) (2-2)
where ...
Q = interception capacity of the curb inlet (ft’/s);
y = depth of flow approaching the curb inlet (ft);
a = depth of depression of curb at inlet (ft);
Lr = length of clear opening of inlet for total interception (ft).

Figure 2-4 illustrates the relationship between interception capacity, depth of approaching flow,
and curb inlet depression, and may be used to determine curb inlet interception capacity.
Section 2.3.1 describes the method used to calculate the depth of flow approaching the curb inlet.
When a shoulder or parking lane separates the curb inlet from traffic lanes, a maximum
depression depth of 0.33 feet (4 inches) is allowed; when an inlet is adjacent to traffic lanes (for
instance, at medians), 0.17 feet (2 inches) of depression is allowed (see Section 2.2.2.4). The
minimum curb opening length is L =4 feet (L=5 feet); the maximum curb opening length is
L'=20 feet (L=21 feet). The total length of the curb inlet (L) includes the length of the upstream
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and downstream face of the curb inlet (equal to an additional 1 foot of length for a SD-RSD
Type B inlet).

Partial Interception

It is not always possible to intercept all gutter flow with a single inlet, and a portion of the
approaching flow will continue past the inlet area as “bypass flow.” The curb inlet must intercept
a minimum of 85 percent of the approaching flow where practical (see Section 2.2.2.2). The
designer may account for this flow bypass using the following procedure:

Step 1. Determine the clear opening length required to intercept 100 percent of the
approaching flow, Lz

Y
= APPROACHS/Z (2-3)
0.7(a +y)

Step 2. Compute the efficiency (£) for the opening length (L") of the curb inlet to be

installed:
1.8
L ,
E=1-{1-| — || forL'<L; (2-4)
LT
where ...

E = curb-opening inlet efficiency;

L~ = length of clear opening of installed inlet (ft); and

Lr = length of clear opening of inlet for total interception (ft).

For the minimum required efficiency of £=0.85, this general equation reduces to the following
expression:

LJ;:O.SS = 0'65LT (2-5)

Step 3. Calculate the amount of flow intercepted by the inlet and the bypass flow, and apply
to the bypass flow to the roadway flow calculations and inlet capacity calculations

downstream.
QINTERCEPT =E QAPPRROA CH (2-6)
QBYPASS = QAPPROACH - QINTERCEPT = (1 -E ) QAPPROACH (2 - 7)
Curb Inlets in Sag

Curb inlets in sags or sump locations operate as weirs at shallow depths, and operate as orifices as
water depth increases. The designer shall estimate the capacity of the inlet under each condition
and adopt a design capacity equal to the smaller of the two results. When designing the size of a
facility, the designer shall use the larger of the sizes obtained by solving for the two conditions.

Inlets in sumps act as weirs for shallow depths, which can be described using Equation 2-8:

Q=C,L,d*"” (2-8)
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Table 2-1 Weir Coefficients for Inlets in Sag Locations

Inlet Type Coefficient  Weir Length Equation Valid
C, L,

Grate Inlet Against Curb 3.00 L+2w ® d<1.79(4,/L,)

Grate Inlet, Flow from All Sides 3.00 2L+w)" d<1.79(4,/L,)

Curb Opening Inlet 3.00 L' d<h

Depressed Curb Opening Inlets Less ,
than L'=12 ft® 3.00 L'+1.8W d<h

Slotted Inlets 2.48 L d<0.2 ft

(1) Weir length shall be reduced to account for clogging. (2) “Depressed Curb Opening Inlets” refers to curb inlets with
depression larger the width of the gutter (for example, SD-RSD No. 20, “Concrete Apron for Curb Inlet’). The width
(W) of the curb opening depression is measured perpendicular to the face of the curb opening.

where ...
O = inlet capacity (ft'/s);
Cw = weir discharge coefficient (see Table 2-1)
Ly = weir length (ft); and

d = flow depth (ft).
Table 2-1 presents appropriate weir coefficient values and lengths for various inlet types.

At higher flow depths, curb inlets operate in a manner more typical of an orifice (Equation 2-9).

0=0.67hL(2gd,)"* (2-9)
where ...
O = inlet capacity (ft'/s);
h = curb opening height (ft);
L = curb opening length (ft);
g = gravitational acceleration (ft*/s); and
d, = effective depth of flow at curb face (ft).

The effective depth of flow at the curb face includes the curb depression, and must be adjusted for
the curb inlet throat configuration. The San Diego Regional Standard curb inlet opening (SD-
RSD No. D-12) has an inclined throat, and therefore the effective depth of flow at the curb face is
given by the expression:

h .
d,=(y+ a)—Esmq (2-10)
where ...
y = depth of flow in adjacent gutter (ft);
a = curb inlet depression (ft);

(h/2)sinq = adjustment for curb inlet throat width (%) and angle of throat incline (q). For a
standard 6-inch curb inlet opening with a 4-inch depression (SD-RSD No. D-12),
(h/2)sing =3.1 inches (0.26 ft).
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Table 2-2 Orifice Coefficients for Inlets in Sag Locations

Inlet Type Coefficient Orifice Area Equation Valid
CO AO

Grate Inlet 0.67 Clear Opening Area (") d>1.79(A4,/Ly,)

Curb Opening Inlet 0.67 hlL d +(h/2) >1.4h

Slotted Inlets 0.80 LW® d<0.4ft

(1) Actual grate opening area for SD-RSD No. 15 Drainage Structure Grate is Ao=4.7 . (2) Orifice area shall be
reduced by 50 percent to account for clogging

Table 2-2 presents appropriate orifice coefficient values and lengths for various inlet types. In
general, if an inlet is functioning as an orifice, the depth of flow is very deep and it is
recommended that the design of the inlet be re-considered to avoid this condition.

2.3.2.2 Qrated Inlets
Grated Inlets on Grade

The capture efficiency of grated inlets on grade depends on the width and length of the grate and
the velocity of the flow approaching the grate. When the approaching flow velocity is slow and
the flow width does not exceed the grate width, the grate inlet might be able to intercept all of the
approaching flow. In cases where the width of the approaching flow exceeds the grate width,
very little of the approaching flow that exceeds the grate width will be intercepted by the inlet.
When the velocity of the approaching flow is too high, the flow will “splash over” the grate.
Both these phenomena contribute to flow bypass of grate inlets, which is analogous to the bypass
flow discussed in relation to curb opening inlets on grade.

The actual length and width of the grate is the overall dimension of the grate less the width of any
bars or vanes. A single San Diego Regional Standard No. D-15 grate has an actual length of
L=3.0 ft and an actual width of W=1.6 ft. To account for the effects of clogging of grated inlet on
grade, the actual length and width of the grate is reduced by a factor of fifty percent (C=0.50).
Therefore, the effective length and width of a SD-RSD D-15 grate inlet are L,=1.5ft and
W.=0.8 ft, respectively. The Federal Highway Administration’s Urban Drainage Design Manual
(HEC-22) provides guidance for other grate types and configurations.

The procedure to determine the interception capacity of a grated inlet on grade is as follows:

Step 1. Divide the flow approaching the inlet (Q4pproscy) into frontal discharge (Qy) and
side flow (Qs), (i.e., flow exceeding the width of the grate).

W 2.67
Oy = Q ipproaci l:l _(1 - Te j :| (2-11)
Os = Q sprrroscr = Dw (2-12)
where ...
Oy = portion of approaching flow within the width of the grate (ft'/s);
O.urrroacy =  total flow approaching the grate (ft'/s);
T = total spread of water in the roadway (ft);

Qs = side discharge (ft'/s); and
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W, = effective width of the grate (ft). A San Diego Regional Standard No. D-15 grate
has an effective width W,=0.8 ft. The Federal Highway Administration’s Urban
Drainage Design Manual (HEC-22) provides guidance for other grate types and
configurations.

Step 2. Compare the approach velocity to the splash-over velocity. The splash-over velocity
for a single San Diego Regional Standard No. D-15 grate is 2.0 ft/second. The
designer is referred to the Federal Highway Administration’s Urban Drainage
Design Manual (HEC-22) for guidance for other grate types and configurations.
When the approach velocity is less than the splash-over velocity, it can be assumed
that the grate intercepts all of the approaching frontal discharge. When the approach
velocity exceeds the splash-over velocity, calculate the amount of frontal discharge
(Ow) intercepted by the grate. This is determined by Equation 2-13:

QINTERCEPT,FRONT = (1‘0_0'09(V_V0))QW (2-13)
where ...
OINTERCEPT FRONT= frontal discharge intercepted by grated inlet (ft3/s);
Vo= velocity of flow approaching inlet (ft/s);
Vo = splash-over velocity (V,=2.0 ft/s for a standard D-15 grate); and
Oy = frontal flow approaching the grated inlet (ft’/s).

Step 3. Determine the amount of side flow (Qspg) that is intercepted by the grate.

0
Ourercerr sipe = W (2-14)
1+ S L 23
where ...
OINTERCEPT, SIDE = side discharge intercepted by grated inlet (ft*/s);
Osie = side flow (i.e., flow outside the width of the grate) (ft'/s);

~
Il

velocity of flow approaching inlet (ft/s);

street cross slope (not the longitudinal slope of gutter) (ft/ft); and

L, = effective length of the grate (ft). A San Diego Regional Standard

No. D-15 grate has an effective length of L,=1.5 ft. The Federal
Highway Administration’s Urban Drainage Design Manual (HEC-22)
provides guidance for other grate types and configurations.

A
[

Step 4. Calculate the amount of flow intercepted by the inlet and the bypass flow, and apply
the bypass flow to the roadway flow calculations and inlet capacity calculations
downstream.

QINTERCEPT,TOTAL = QINTERCEPT,SIDE + QINTERCEPT,FRONT (2_15)

Grated Inlets in Sag

A grated inlet in a sag location operates as a weir at shallower depths, and as an orifice at larger
depths. The transition from weir flow to orifice flow depends on factors such as grate size and
bar configuration. The designer shall estimate the capacity of the inlet under both weir flow and
orifice flow conditions, then adopt a design capacity equal to the smaller of the two results.
Figure 2-5 provides a nomograph for calculating the capacity of grated inlets in sag locations.
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Step 1. Calculate the capacity of a grate inlet operating as a weir, using the weir equation
(Equation 2-16) with a length equivalent to perimeter of the grate. When the grate is
located next to a curb, disregard the length of the grate against the curb.

Q=C,Pd" (2-16)
where ...
0 inlet capacity of the grated inlet (ft’/s);
Cy = weir coefficient (Cy=3.0 for U.S. Traditional Units);
P, = effective grate perimeter length (ft); and
d = flow depth approaching inlet (ft).

To account for the effects of clogging of a grated inlet operating as a weir, a clogging factor of
fifty percent (C;=0.50) shall be applied to the actual (unclogged) perimeter of the grate (P):

P =(1-C,)P (2-17)
where ...
P, = effective grate perimeter length (ft);
C; = clogging factor (C;=0.50); and
P = actual grate perimeter (ft) (i.e., the perimeter less the total width of bars or
vanes); P=2W+L for grates next to a curb and P=2(L+W) for grates with flow
approaching from all sides. A single San Diego Regional Standard No. D-15
grate has an actual perimeter of P=6.2 ft when placed against curb and P=9.2 ft
when flow approaches from all sides.
Step 2. Calculate the capacity of a grate inlet operating as an orifice. Use the orifice
equation (Equation 2-18), assuming the clear opening of the grate reduced by a
clogging factor C,=0.50 (Equation 2-19). A San Diego Regional Standard No. D-15
grate has an actual clear opening of A=4.7ft*.  The Federal Highway
Administration’s Urban Drainage Design Manual (HEC-22) provides guidance for
other grate types and configurations.
0=C,4,(2¢d)"” (2-18)
A =(1-C)4 (2-19)
where ...
O = inlet capacity of the grated inlet (ft*/s);
Co = orifice coefficient (Cp=0.67 for U.S. Traditional Units);
g = gravitational acceleration (ft/s’);
d = flow depth above inlet (ft);
A, = effective (clogged) grate area (ft2);
C, = areaclogging factor (C,=0.50); and
A actual opening area of the grate inlet (i.e., the total area less the area of bars or
vanes). The actual opening area for a San Diego Regional Standard No. D-15
grate is A=4.7 ft*. The Federal Highway Administration’s Urban Drainage
Design Manual (HEC-22) provides guidance for other grate types and
configurations.
Step 3. Use more conservative of the two results.
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2.3.2.3 Combination Inlets

The procedure for calculating the capacity of a combination of a curb opening inlet and grate inlet
assumes that the curb opening inlet is placed upstream of the grated inlet.

Step 1. Determine the portion of flow intercepted by the curb-opening part of the inlet (see
Section 2.3.2.1).

Step 2. Determine the depth, width, and velocity of the flow that bypasses the curb opening
part of the inlet.

Step 3. Determine the portion of flow intercepted by the grated inlet (see Section 2.3.2.2).
2.3.2.4 Slotted Inlets

Slotted drains shall only be specified with prior Agency approval. When located on a grade,
slotted inlets function as a side-flow weir, much like curb-opening inlets. The Federal Highway
Administration (FHWA, 1996) suggests that the hydraulic capacity of slotted inlets corresponds
closely to the hydraulic capacity of curb-opening inlets when the slot openings are greater than
1.75 inches. Therefore, the designer may use the equations developed for curb opening inlets
presented in Section 2.3.2.1 when the slot openings are greater than 1.75 inches. When located in
a sump, slotted inlets can function either as a weir or an orifice. As with grated inlets, the
designer shall estimate the capacity of the inlet under both weir flow and orifice flow conditions,
then adopt a design capacity equal to the smaller of the two results. Table 2-1 and Table 2-2
provide guidance for the appropriate coefficients to apply in the weir and orifice equations.
Figure 2-6 presents a nomograph for the design of slotted inlets in sumps.

As with grate inlets, a clogging factor (C;) shall be applied to the actual (unclogged) length of a
slotted inlet (L):

L =(1-C,)L (2-20)
where ...
L, = effective grate perimeter length;
C; = clogging factor (C;=0.50); and
L = actual (unclogged) length of the slotted inlet (ft)
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Figure 2-1

Adapted from Orange County Local Drainage Manual (1996)
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Figure 2-2
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Figure 2-3
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Figure 2-5
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Figure 2-6
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3 STORM DRAINS

3.1 INTRODUCTION

Underground conduits operate in conjunction with surface drainage to maintain public safety and
manage flooding during storm events. Storm drainage systems must have the capacity to convey
the peak discharge from a 100-year design event without affecting property located adjacent to
the right-of-way. Street drainage systems shall meet the criteria regarding the maximum flow
width, depth, and velocity as described in Chapter 2 of this Manual. To satisfy these criteria, it is
often necessary to supplement surface drainage with underground conveyance. This chapter
summarizes the general design criteria for underground drainage conduit in San Diego County,
and describes the methods to apply when designing these systems.

3.2 DESIGN CRITERIA
3.2.1 Hydraulic Capacity

When storm drains are part of drainage systems that serve 1.0 square mile (640 acres) of tributary
area or less, they shall have the capacity to convey the peak discharge from a 50-year design
event. Storm drains conveying flow across a public road (i.c., across the centerline of a roadway)
or serving more than 1.0 square mile (640 acres) shall have the capacity to convey the peak
discharge from a 100-year design event. The conduit shall convey the design flow with the
hydraulic grade line (HGL) maintaining a minimum freeboard of 1.0 ft below the ground surface
or gutter flow line during the design event.

At a minimum, storm drains within the public right-of-way shall not be less than 18 inches in
diameter. The cross-sectional area of the pipe shall not decrease when proceeding down gradient
within the storm drain system. Diversion of drainage is not allowed (i.e., the discharge point and
all inlets of a storm drain system shall be within the same watershed).

This Manual references its design criteria and procedures to storm drain conduit with a circular
cross-section. These criteria and procedures can be adapted to other cross-section shapes (e.g.,
arches, other non-circular or non-rectangular shapes) with due care. It is important to note that
cross-section shapes must be compared using their section factor (4R”’), and not simply on the
basis of cross-sectional area and perimeter.

3.2.2 Manning Roughness Coefficient

Appendix A provides a table of recommended Manning Roughness Coefficients for underground
conduits.

3.2.3 Alignment and Curvature
3.2.3.1 Horizontal Alignment

Storm drains shall adhere to a straight alignment or a circular curve of uniform radius within the
same run of pipe (i.e., from one clean-out, inlet, or other drainage structure to another), or follow
the alignment of overlying streets whenever reasonable. Where practical, storm drains shall run
perpendicular to the slope contours in cases where the slope is 20 percent or steeper. Storm drains
shall not be placed within a slope parallel to slope contours in cases where the slope is 20 percent
or steeper.
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Chapter 3. Storm Drains

The horizontal alignment of a storm drain system shall maintain a minimum horizontal clearance
from potable water mains and sanitary sewer lines. The distance between the outside diameter of
a storm drain and the outside diameter of other wet utilities shall not be less than 5 feet without
prior approval by the governing Agency.

The material type, length of pipe segments, and bevel of joints limit the curvature of the storm
drain. Appendix B presents additional information on pipe alignment based on pipe
characteristics.

When designing the junction of two storm drain pipes, priority shall be given to the larger of the
connecting storm drains. Flow from the lateral (i.e., the smaller storm drain pipe) shall not oppose
the flow in the main line, without prior approval from the governing Agency. Specifically, when
the angle of confluence (j ) is measured from the centerline of the main line, the angle of
confluence shall be less than or equal to 90 degrees at all times. Figure 3-1 illustrates the
definition of angle of confluence used in this manual. The angle of confluence shall be further
limited to 60 degrees in cases where:

1. The lateral is 36 inches in diameter or larger;
2. The lateral flow is greater than or equal to 10 percent of the main-line flow;
3.2.3.2 Vertical Alignment

The vertical alignment of a storm drain systems shall: (1) maintain a depth of cover to sufficient
to avoid damage to the facility from overhead traffic loads; (2) minimize conflicts with other
underground utilities; and (3) minimize potential buoyancy problems (in cases where a
groundwater table is present).

The minimum grade of storm drain pipe shall be 0.5 percent. The governing Agency may approve
flatter grades where no other practical solution is available.

Storm drain conduit shall be protected from surface disturbances and displacements with soil or
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Figure 3-1 Definition Sketch for Angle of Deflection (qg), Angle of Confluence (j ), and
Bend Radius (D)
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Chapter 3. Storm Drains

other cover. The minimum soil cover above a storm drain facility depends on storm drain material
type and strength, size of the conduit, cover material, bedding conditions, and traffic loading. For
practical purposes, the range of these conditions cannot be delineated fully in this Manual. The
designer shall determine the required cover based on project conditions, maintaining a minimum
soil cover of 2 feet, or 1 foot below a pavement subgrade, whichever is greater.

The maximum soil cover above a storm drain facility depends on storm drain material type and
strength, size of the conduit, cover material, bedding conditions, and traffic loading. Appendix B
provides maximum soil loading for reinforced concrete pipe; the designer may specify alternate
materials with prior Agency approval and demonstration that the material is adequate for the
design load. The designer shall confirm that the design strength of the conduit will be adequate
for the soil loading conditions. When there is more than 15 feet of soil cover, special design
conditions may apply (see “Deep-Cover Culverts” Section 3.2.6 and “Minimum Easement
Widths,” Section 3.2.5).

Best design practice for the vertical alignment within cleanouts, junction structures, or equivalent
drainage structures is to provide a minimum of 0.1 foot of fall across the structure. When
increasing the pipe diameter in the downgrade direction, the standard practice is to match the
crowns (soffits) of the incoming and outgoing storm drain pipes when possible. The designer may
vary from this practice in consultation with the governing Agency.

3.2.4 Cleanouts

Cleanouts are structures that allow access for maintenance for a storm drain facility. The designer
shall specify cleanouts at prescribed locations within a storm drain facility, and at specific
locations in relation to the horizontal and vertical curvature of a pipe alignment.

Inlet structures may be used as clean-outs for pipes less than or equal to 36 inches in diameter.
Pipes larger than 36 inches in diameter require separate clean-out structures or inlets structures
specially modified to provide for maintenance of the facilities. When an inlet structure is used as
a clean-out structure, particular attention should be paid to the hydraulic grade line to maintain
1.0 foot of freeboard below the inlet flow line.

3.2.4.1 Cleanouts: General Location

Cleanouts shall be located at prescribed locations within a storm drain alignment to provide a
maintainable drainage system:

1. at the point where a storm drain facility transfers from private to public maintenance, or
enters or exits a public right-of-way;

2. at points where the storm drain pipe size changes; and

3. atregular intervals along the storm drain alignment as prescribed in Table 3-1.

Table 3-1 Maximum Cleanout Spacing
Pipe Size Maximum Cleanout
Spacing
<30" 300 ft
< 42" 400 ft
< 60" 600 ft
> 60" 800 ft
San Diego County Drainage Design Manual Page 3-3
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3.2.4.2 Cleanouts: Horizontal Curves and Angle Points
Cleanouts shall be located within road alignments with horizontal curves as follows:
1. within 50 feet of the end of all horizontal curves;

2. at the point of compound curvature (PCC) and point of reverse curvature (PRC)
of all curves; and

(98]

all horizontal angle points, except as described in (4), below.

4, A single horizontal angle point of 10 degrees or less is allowed without a
cleanout in cases where:

a. the angle point does not connect a horizontal and vertical curve; and
b. the angle point is located within 50 feet of another cleanout or outfall.
3.2.4.3 Cleanouts: Circular Curves in a Vertical Plane or and Angle Points

Cleanouts shall be located within road alignments with circular curves within the vertical plane as
follows:

1. the end of a circular curve within the vertical plane as it intersects a pipe with flatter
grade, unless that intersection is within 50 feet of another structure;

2. all vertical angle points, except as noted in (3), below; and

3. a single vertical angle point of 10 degrees or less is allowed without a cleanout in
cases where:

a. the angle point does not connect a horizontal and vertical curve; and
b. the angle point is located within 10 feet of another cleanout or outfall.

Manufactured, water-tight deflection points may be used to obtain up to 30 degrees of vertical
deflection within 10 feet of a storm drain outfall. When the storm drain is less than 48 inches in
diameter and the outfall is extended downgrade during future construction, this deflection point
shall be replaced with a clean-out structure.

3.2.4.4 Concrete Lugs

Concrete lugs are connections between two storm drains that do not provide maintenance access
directly above from the surface. Concrete lugs are allowed when:

1. minimum cleanout spacing requirements have been satisfied; and
2. there is a cleanout within 50 feet; and

3. the connecting pipe or lateral is smaller than the main line pipe as outlined in Table

3-2.
Table 3-2 Allowable Pipe Sizes for Lug Connections
Main Line Pipe Diameter Lateral Pipe Diameter
24" 18" Maximum
30" 21" Maximum
36" 24" Maximum
42" 30" Maximum
48" 30" Maximum
54" Minimum 36" Maximum
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3.2.5 Required Maintenance Easement Widths

Table 3-3 lists the minimum easement width required for underground storm drainage facilities.
These minimum easement widths assume conventional storm drain installation with a cover of
15 feet. Storm drains with cover between 15 feet and 25 feet will require an additional 2 feet of
easement width for every foot of cover over 15 feet. Storm drains with cover deeper than 25 feet
or other special conditions may warrant additional easement width, and require Agency
consultation and approval.

Table 3-3 Minimum Easement Widths

Pipe Diameter or Equivalent Minimum Easement Width

< 36" 10 ft
< 60" 15 ft
< 84" 20 ft
< 108" 25 ft
> 108" 30 ft

Storm drains and easements shall be placed on one side of lot ownership lines in new
development. In existing developments, storm drains easements shall follow lot ownership lines
to the maximum extent practicable.

It is preferred that storm drain easements be established exclusively for storm drainage facilities.
Joint use easements with other wet utilities (i.e., potable water and sanitary sewer) will be
permitted when circumstances warrant, so long as the facilities within the joint-use easement
maintain the minimum separation between wet utilities as outlined in Section 3.2.3.

All storm drain easements shall have physical access from the public right-of-way. In cases where
such access requires a road (e.g., a steep slope or grade differential), the access easement shall be
a minimum of 15 feet wide. The access road shall be a minimum of 12 feet wide, with a
15 percent maximum grade.

Permanent structural improvements shall not be constructed over storm drain easements.
Facilities such as parking lots, recreation fields and trails, maintenance access roads, and fencing
may be approved at the discretion of the governing Agency.

3.2.6 Deep-Cover Conduits and Culverts

When pipe is under cover of 25 feet or more, the storm drain shall be over-sized by 6 inches in
order to provide for future interior repairs or re-lining.

3.2.7 Water-Tight Joints
Water-tight joints storm drain system shall be specified in prescribed locations and situations:

1. Where the Hydraulic Grade Line (HGL) will exceed the inside crown (soffit) of the pipe
by more than 5 feet for more than 40 feet of pipe length for the design storm.

2. Where pipe grade exceeds 20 percent.

3. Where the pre-project geologic investigation (i.e., soils report) indicates that groundwater
levels might exceed the pipe invert elevation.

San Diego County Drainage Design Manual Page 3-5
July 2005



Chapter 3. Storm Drains

3.2.8 Pipe Abrasion

In cases where a storm drain pipe is expected to carry a large amount of debris or abrasive
sediment material, it shall have measures to provide sufficient design life for the facility. The pipe
material will dictate the type and degree of protection required. When protection is warranted, the
invert of the pipe (i.e., the bottom 90 degrees of the pipe) shall be protected on all straight-aways,
and the invert and walls (i.e., the lower 180 degrees of the pipe) shall be protected on all curves.

3.2.9 Allowable Materials

There is a wide variety of materials that may be used for construction of a drainage systems,
including: reinforced concrete pipe, cast-in-place concrete conduit, corrugated steel pipe,
corrugated aluminum pipe, high-density polyethylene, and other materials. The specified
material shall be approved by the governing Agency, have a minimum design life of 60 years, and
shall meet the design criteria outlined in Appendix B.

The selection of pipe material shall consider factors such as strength of the conduit under
maximum or minimum cover, bedding and backfill conditions, anticipated loading, length of
sections, ease of installation, corrosive action of surrounding soils, expected deflection, and cost
of maintenance. Where field conditions indicate the use of one pipe material in preference to
others (for instance, corrosive soil conditions, presence of a groundwater table, or a seawater
outfall), the reasons shall be clearly presented in the plans and specifications.

3.2.10 Storm Drain Plans

Storm drain plans shall provide a minimum amount of information regarding storm drain design
and construction, including:

0 Plan and profile for all public storm drains greater than or equal to 18-inch diameter; and

0 Stationing, which shall increase in the up-grade direction from the lower end of the storm
drain pipe; and

Hydraulic Grade Line (HGL) of the flow within the pipe, including hydraulic jumps; and
Design flow and velocity (10-year, 50-year, or 100-year, as appropriate); and

Pipe design load rating or equivalent information (depending on pipe material, this might
include pipe gauge or wall thickness); and

o Flow and velocity at the outfall of the pipe.
3.3 HYDRAULIC DESIGN OF STORM DRAINS

This section presents general procedures for hydraulic design and evaluation of storm drains. The
designer is assumed to possess a basic working knowledge of storm drain hydraulics and is
encouraged to review textbooks and other technical literature available on the subject.

3.3.1 Basic Design Procedure

Storm drain capacity analysis shall account for changes in flow conditions (open channel versus
pressure flow) in the hydraulic grade line (HGL) calculations. Figure 3-2 provides a definition
sketch for storm drain hydraulic computations.

The procedure for storm drain design proceeds as follows:

Step 1. Size storm drain system on a preliminary basis assuming uniform, steady flow
conditions for the peak design discharge.
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Figure 3-2  Definition Sketch for Storm Drain Hydraulic Calculations

Step 2. Check the initial pipe sizes using the energy equation, accounting for all head losses.
Step 3. Adjust the pipe size and vertical alignment as necessary to provide minimum HGL
freeboard.

3.3.2 Storm Drain Analysis — Uniform Flow

When a storm drain is not flowing full, the storm drain operates as an open channel and the
hydraulic properties can be calculated using open channel techniques. The flow in a conduit
operating as an open channel can be evaluated numerically using the Uniform Flow Equation:

1.49

2/3 gl/2
0=—"=4R"’S] (3-1)

where ...

= flow rate (ft'/s);

Manning roughness coefficient (no dimension);

flow area (ft%);

hydraulic radius (ft); and

= friction slope, typically assumed to be equivalent to longitudinal slope of storm
drain (S,) (ft/ft)

During full-flow conditions, the flow area and hydraulic radius for a circular pipe of diameter (D)
can be simplified to the following relationships:

PN
Il

pD’
A= Afu” = (3-2)
4
D
R:Rfull = — (3-3)
4
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Therefore, the minimum required diameter for a circular pipe (D,) needed to convey a particular
design flow (Q) can be calculated as:

b :(2.16;@] 54

.

The pipe diameter is specified as the next standard pipe size larger than the minimum required
(D,). An analogous procedure can be followed for alternative conduit shapes. Figure 3-6 (page 3-
24) illustrates the hydraulic properties for circular pipes, assuming that the friction coefficient
(Manning roughness coefficient) does not vary with depth.

3.3.3 Storm Drain Analysis -- Pressure Flow

When a storm drain is flowing under a pressure flow condition, the friction slope (S, and
longitudinal slope of the storm drain (S,) may not be equivalent. Therefore, the energy and
hydraulic grade lines cannot be calculated using the Uniform Flow Equation. The capacity
calculations generally proceed upstream from the storm drain outlet, accounting for all energy
losses through each pipe run and drainage structure. These losses are added to the EGL and
accumulate to the upstream end of the storm drain. The HGL is then determined by subtracting
the velocity head, (H,) from the EGL at each change in the EGL slope.

3.3.4 Storm Drain Analysis -- HGL Calculations

The designer shall check the available energy at all junctions and transitions to determine whether
the flow in the storm drain will be pressurized due to backwater effects, even when the design
flow is less than the full flow capacity of the storm drain.

To calculate the Energy Grade Line (EGL) for a storm drain system, divide the system into
“runs” of pipe between structures (clean-outs, inlets, junctions, or other structures) or changes in
grade. The slope of the pipe shall be constant within each run. Starting with the downstream
control elevation (EGL;) for the most downstream run of pipe, first calculate the friction losses
and bend losses through the pipe and then the losses across the upstream drainage structure. The
EGL at the upstream end of the run (EGL;;;) will be the sum of the downstream control elevation,
friction losses, and structure losses, and will be the downstream control elevation for the next run
of pipe:

EGL,,,=EGL, + (ZHL )PIPE + (ZHL)

STRUCTURES (3-3)

Figure 3-2 illustrates the components used in the energy grade line and head loss calculations.
The hydraulic grade line (HGL) is then calculated by subtracting the velocity head (v'/2g) from
the energy grade line:

2
HGL, = EGL, -~ (3-6)
2g

EGL elevations must always decrease in the downstream direction, and must always increase in
the upstream direction. On the other hand, HGL elevations may increase or decrease at structure
locations regardless of the direction considered. For instance, the HGL will increase in the
downstream direction within a pipe when there is a hydraulic jump.
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3.3.5 Downstream Control (Tailwater) Elevation

The hydraulic analysis of a storm drain system typically begins at the downstream outfall. The
controlling water surface elevation at the point of discharge is commonly referred to as the
tailwater. At the outfall, one of several conditions will be encountered: another closed conduit;
outfall to a drainage channel, storage facility, reservoir, lake, or detention facility; a free outfall;
or a tidally influenced outfall. The tailwater elevation criteria described here are for the purpose
of determining HGL and EGL elevations only; Chapter 7, “Energy Dissipation” describes
tailwater elevation criteria for energy dissipation calculations.

For free outfalls, the initial water surface elevation (tailwater) shall be assumed to be equivalent
to the soffit elevation. For outfalls into other drainage facilities, a drainage channel, reservoir, or
detention facility, the initial water surface elevation shall be set at the 100-year water surface
elevation calculated for the channel or described on the appropriate Flood Insurance Rate Map
(FIRM) at the location of the outfall. In cases where the storm drain outfall condition is tidally
influenced, it is usually sufficient to use the historic high tide elevation as the tailwater elevation.
In cases where storm surge is a concern or for other situations with unusual tailwater conditions,
the appropriate design outfall tailwater elevation shall be chosen in consultation with the
governing Agency.

3.3.6 Energy Loss Calculations

This Manual presents a standard energy-loss method for use in the hydraulic analysis of storm
drain systems, in which head loss is calculated as a proportion of velocity head (v'/2g). The
standard energy-loss method is appropriate for storm drain analysis in most typical cases.
Though not discussed in detail in this Manual, energy loss calculation methods based on pressure-
momentum theory are also acceptable, and may be more appropriate in some cases (e.g., systems
with steep gradients).

Numerous computer programs are available for computing energy loss and hydraulic grade lines,
such as the Los Angeles County Flood Control District’s Storm Drain Analysis Program
PC/RD4412 (STORM), and a variety of proprietary computer software packages. The design
engineer should be aware of the energy loss method used by a particular computer program, and
recognize the limitations of any software and/or energy loss method applied.

Minor pipe losses and structure losses need not be calculated in situations where minor losses will
not significantly affect the performance of the drainage system. The design engineer’s best
judgment will determine whether to calculate minor losses in cases where the HGL is
significantly below freeboard requirements, cases with low pipe velocities, or in cases where
backwater does not affect other properties.

3.3.6.1 Pipe Losses — Friction
Friction Losses — Open Channel

For open channel conditions under sub-critical flow, the friction slope of a pipe (S)) and the
longitudinal slope of the storm drain (S,) may be assumed equivalent. As a result, the energy
grade line and hydraulic grade line may be parallel as the flow approaches normal depth:

H,=S,L~S§L (3-7)
where ...
H;y = head loss due to pipe friction (ft);
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S, = longitudinal pipe slope (not the S)) of pipe (ft/ft);
S, = friction slope (not the S,) of pipe (ft/ft); and
L = length of pipe (ft).

Friction Losses — Pressure Flow

When the downstream control elevation is higher than the downstream crown elevation, the storm
drain pipe is surcharged. When a storm drain is flowing under such a pressure flow condition, the
friction slope (S)) and longitudinal slope of the storm drain (S,) may not be equivalent. In this
case, friction loss (/) is computed using the expression:

H,=S,L (3-8)
where ...

Hy = head loss due to pipe friction (ft);

Sy = friction slope (not the S,) of pipe (ft/ft); and

L = length of pipe (ft).

The friction slope for a pipe under full-flow conditions can be derived from Manning's equation
as follows:

2
On j
S = —= 3-9
f (0.46D8/3 ( )
where ...
Sy friction slope (ft/ft);
O = discharge (ft'/s);
n = Manning roughness coefficient; and
D = pipe diameter (ft).

3.3.6.2 Pipe Losses - Bend Losses

The bend loss coefficient (K}) is primarily a function of the angle of curvature (D). The head
losses for bends, in excess of that caused by an equivalent length of straight pipe, is expressed as:

2

H, =K, (3-10)
2g
K, =0.0033A (3-11)
where ...
D = angle of curvature (degrees).

Equation 3-11 is most appropriate for bends with radii between eight and twenty times the
diameter of storm drain (8D<R<20D). For tighter radius bends (R<8D), the design engineer shall
multiply the value of K, determined in Equation 3-11 by the quantity /+D/R. Bend losses do not
need to be calculated when the radius of curvature is more than 20 times the diameter of the storm
drain (R>20D). Head loss due to pipe bends shall be applied at the exit of the bend (point of
curvature). For abrupt angular changes in alignment, use the structure loss defined in
Section 3.3.6.5.
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3.3.6.3 Structure Losses — Lugged Connections

Structural head losses occur where a lateral pipes is connected to a larger main line of storm drain
system without the use of a clean-out structure (i.c., lugged connections) (Figure 3-3). These head
losses depend on the relative magnitude and velocity (momentum) of the incoming and outgoing
flow, the angle of confluence, and the relative size of the incoming and outgoing pipes.

WV () )
|

— - —
@ Qoutvvout

Figure 3-3  Definition Sketch for Lugged Connections
Lugged Connections — Simplified Method

Because the calculation of junction losses can be quite complex, a simplified head loss may be
used for the design of storm drain systems with low velocity head and minimal hydraulic
constraints (i.e., systems with ample HGL freeboard). This method is also useful for developing
preliminary design estimate for head loss in more complex drainage systems.

2 2
H, =t g o (3-12)
2g 2g
where ...
H; = head loss at junction (ft);
Vins Vour = Incoming and outgoing flow velocity, respectively (ft/s);
K; = junction loss coefficient, as given in Table 3-4;
g = gravitational acceleration (32.2 ft/s?)

Junction head losses are applied at the exit of the junction. Table 3-4 provides a list of simplified
junction head loss coefficients.

Table 3-4 Simplified Lugged Connection Head Loss Coefficients

Angle of Confluence, | (degrees) Junction Head Loss Coefficient, K;

90 0.25
60 0.35
45 0.50
30 0.65
15 0.85
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Lugged Connections — Energy-Momentum Method

For the design and evaluation of storm drain systems with high velocity head or having
significant hydraulic constraints, it is appropriate to account more accurately for the relative
magnitude, direction, and velocity of flows through the junction as well as the size of the inflow
and outflow pipes. In this case, head loss at a lugged connection is calculated as:

H 2 2
— Qautvout — Qinvin — QLVL COSJ +vi _M (3-13)

t 0.5g(4, +A4) 2¢ 2g

out m

where ...

= flow from the inflow (in), outflow (ouf), and lateral pipes (L), (ft'/s);

= velocity of the inflow (in), outflow (ouf), and lateral pipes (L), (ft*/s);
= angle of confluence;

= cross-sectional area of the inflow (in) and outflow (out) pipes (ft*); and
= gravitational acceleration (32.2 ft/s%)

= QO

3.3.6.4 Structure Losses — Transitions with No Clean-Out

Transition structures, where pipe diameters expand or contract outside the context of a clean-out
structure, introduce head loss to a storm drain system. The head loss coefficient used in these
situations is primarily a function of inflow and outflow pipe diameter, as well as the suddenness
of the transition and whether the pipe is operating under open-channel or pressure-flow
conditions. Figure 3-4 presents a definition sketch for transition structure cone angles (q).

Expansion Losses — Open Channel Condition

Equation 3-14 describes expansion head loss under open flow conditions. The expansion loss
coefficient (K,) depends on the suddenness of the expansion and the relative size of the inflow
and outflow pipes. Table 3-5 presents expansion loss coefficients for storm drains under open-
channel conditions.

D, D,

Flow
E—
Flow
—>
£
o

Dy Dy

Contraction Expansion

Figure 3-4  Definition Sketch for Transition Cone Angle
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Table 3-5 Expansion Loss Coefficients Under Open Channel Conditions

Expansion Loss Coefficient, K,

Cone Angle () D,/D=3 D,/D4=1.5
10° 0.17 0.17
20° 0.40 0.40
45° 0.86 1.06
60° 1.02 1.21
90° 1.06 1.14
120° 1.04 1.07
180° 1.00 1.00
2 2
H, =K, (“ & j (3-14)
2g
where ...
K, = expansion loss coefficient (Table 3-5);
v;,v; = upstream and downstream flow velocity, respectively (ft/s);
g = gravitational acceleration (32.2 ft/s?)

Contraction Losses — Open Channel Conditions

Equation 3-15 describes contraction head loss under open flow conditions. Note that the velocity
head term in the open-channel contraction loss equation is the downstream velocity head less the
upstream velocity head, which is the opposite of the expansion head loss equation. For gradual
contractions, the contraction coefficient is assumed half the expansion loss coefficient (0.5K,, see
Table 3-5). Table 3-6 provides values for sudden contraction loss coefficients under open
channel conditions.

2 2
vV, =V
H, =K, | *— (3-15)
2g
where ...
K. = contraction loss coefficient (0.5K, or Table 3-6)
v;,v; = upstream and downstream flow velocity, respectively (ft/s);
g = gravitational acceleration (32.2 ft/s”)
Table 3-6 Contraction Loss Coefficients Under Open Channel Conditions
D,/D, Contraction Loss Coefficient, K.
approaching 0 0.5
0.4 0.4
0.6 0.3
0.8 0.1
1.0 0.0
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Expansion Losses — Pressure Flow

Expansion of the flow area in a storm drain under submerged conditions will result in a shearing
action between the incoming high velocity jet and the surrounding conduit boundary. As a result,
eddy currents and turbulence dissipate much of the kinetic energy. The head loss is expressed as:

H, =K,-- (3-16)
2g
where ...
v; = upstream flow velocity (ft/s);
Kr = expansion loss coefficient, pressure flow (Table 3-10 and Table 3-11, page 3-21).

The value of the expansion loss coefficient (Kz) varies from approximately 1.0 for a sudden
expansion to 0.2 for a well-designed expansion transition. Table 3-10 and Table 3-11 (page 3-21)
present loss coefficients for pressure flow conditions for sudden and gradual expansions,
respectively.

Contraction Losses — Pressure Flow

For loss due to contraction of cross-sectional flow area in a storm drain under submerged
condition is expressed in the form:

2

H =K.~ (3-17)
2g
where ...
Kc = contraction loss coefficient (Table 3-12); and

v; = downstream flow velocity (ft/sec).

Contraction loss coefficient (K) varies from approximately 0.4 for large pipe size differences
(greater than 10:1) to approximately 0.1 for minor pipe size differences. Table 3-12 (page 3-22)
presents contraction loss coefficients for pressure flow conditions.

3.3.6.5 Structures Losses — Inlets, Junctions, and Clean-Outs

Significant head losses can occur at a clean-out structure, whether or not one or more lateral
storm drains confluence with the main line storm drain. Head losses in a clean-out are due to
various reasons, including incoming and outgoing pipe size, angle of confluence, relative flow
rates, and design details of the cleanout itself.

Inlets, Junctions, and Cleanouts - Simplified Method

Because of the difficulty in evaluating hydraulic losses at junctions due to the many complex
conditions of pipe size, geometry of the junction and flow combinations, it can sometimes be
impractical to perform detailed head loss calculations for drainage structures. This section
presents a simplified method for calculating head loss calculations at drainage structures. This
simplified method may be used for the design of storm drain systems with low velocity head and
minimal hydraulic constraints (i.e., systems with ample HGL freeboard). This method is also
useful for developing preliminary design estimate for head loss in more complex drainage
systems.

The head loss for a particular structure can be estimated using Equation 3-18:
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2

H, =K~
2g
where ...
H; = head loss at drainage structure (ft);
K = simplified structure head loss coefficient (ft);
v, = outflow velocity (ft/s); and
g = gravitational acceleration (32.2 ft/s”)

(3-18)

Table 3-7 presents values for the simplified head loss coefficient (K) across a drainage structure.
This head loss can be used to estimate the drop between pipe crowns needed to offset energy

losses at the structure, thus helping to avoid a submerged flow condition.

Table 3-7

Simplified Structure Head Loss Coefficient, K

Structure Configuration

Simplified Head Loss Coefficient, K

Inlet — Straight Run 0.50
Inlet — Angled Through

90 1.50

60 1.25

45 1.10

22.5 0.70

Clean-Out — Straight Run 0.15
Clean-Out — Angled Through

90 1.00

60 0.85

45 0.75

22.5 0.45

Inlets, Junctions, and Cleanout - Composite Method

For the design and evaluation of storm drain systems with high velocity head or having
significant hydraulic constraints, it may be necessary to complete more detailed calculations to
account for the various factors contributing to head loss. The head loss at clean-out or other
drainage structures is expressed as an initial or basic loss (K,v’/2g) modified by several correction

factors:

2
v
H, :CDCQCPCB (KO —zj (3-19)
2g
where ...
H; = structure head loss (ft);
Cp = relative flow depth correction factor;
Co = relative flow correction factor;
Cp = plunging flow correction factor;
Cz = benching correction factor;
Ko, = Iinitial or basic loss coefficient;
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vy = outflow velocity (ft/s); and
g = gravitational acceleration (32.2 ft/s%).

Basic Structure Loss Coefficient (K,)

The initial or basic loss at a clean-out structure is defined as:

0.15
b . b .
K,=0.1] — |(l-sinq )+1.4| — | sin 3-20
0 ( D, j( | ) (Do j \ =
where ...
Ko, = initial or basic loss coefficient;
b = drainage structure diameter or equivalent diameter (ft);
D, = outflow pipe diameter (ft); and
g = deflection angle.

This basic equation is valid only when the water level in the receiving inlet, junction, or cleanout
is above the invert of the incoming pipe. In cases where this is not true, the structure losses are
assumed to be zero. For non-circular drainage structures, the equivalent structure diameter is
defined as the diameter of a circular structure having the equivalent area of the actual non-circular
one. Table 3-8 and Figure 3-7 (page 3-25) present basic head loss for standard clean-outs in the
San Diego region.

Table 3-8 Equivalent Diameters for San Diego Regional Standard Cleanouts
SD-RSD . Equivalent
Standard Length Width Area Diameter
Cleanout

(ft) (ft) (f) (ft)
A-4 4 4 16 4.5
A-5 5 4 20 5.0
A-6 6 4 24 5.5
A-7 7 4 28 6.0
A-8 8 4 32 6.4

Relative Pipe Diameter and Flow Depth Correction Factor (Cp)

Equation 3-21 describes the correction factor that accounts for the relative pipe diameter and flow
depth within a drainage structure. The relative flow depth correction factor depends on the depth
of flow within the structure, which in this case is measured relative to the crown of the outlet
pipe. When the flow depth in the structure above the crown of the outlet pipe (d,.-D,) is much
higher relative to the outlet pipe diameter (D,) (i.e., there is submerged flow or a high-pressure
condition), the correction factor is based on the relative diameters of the inflow and outflow
pipes. In cases where the relative flow depth is lower, or not significantly larger than the diameter
of the outlet pipe, the correction factor is a function of the flow depth relative depth to the outlet
pipe diameter. For practical purposes, the correction factor for relative pipe diameter and flow
depth need not be greater than Cp=3.0.
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0.6
d
0.5( ””’J d,,)/ D, <32
D
C,= 5 , (3-21)
[D‘l’j d,,)/D,=23.2
where ...
Cp = relative flow depth correction factor;
d,; = depth of flow in clean out, measured as the difference between the HGL and the
upstream invert of the outlet pipe (ft);
D, = outflow pipe diameter (ft); and
D; = inflow pipe diameter (ft).

Relative Flow Correction Factor (Cq)

A correction factor can be applied when a lateral inflow to a cleanout where the incoming flow is
greater than 10 percent of the main line flow. When the incoming lateral flow is less, this head
loss equation is invalid and Cy=1.0.

0.75
C, :(I—ZSinq)(l—gj +1 (3-22)
o
where ...
Co = relative flow correction factor;
O; = inflow to structure (ft3/s);
0, = outflow from structure (ft’/s);
g = deflection angle.

Plunging Flow Correction Factor (Cp)

When water falls into a structure, either from an inlet or from a lateral significantly above the
invert of the structure, a plunging flow correction factor should be applied to the basic structure
head loss.

C. =102 o || 2o =Y (3-23)
=14+ 0U. — _— -

’ DO DU

where ...

Cp = plunging flow correction factor;

h, = plunge height above centerline of outflow pipe, measured as the difference in
elevation between the highest incoming pipe invert and the centerline of the
outlet pipe (ft);

d,; = depth of flow in clean out, measured as the difference between the HGL and
upstream invert of the outlet pipe (ft); and

D, = diameter of outlet pipe (ft).
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Figure 3-5 Invert Benching Configurations

Benching Correction Factor (Cg)

“Benching” the invert of a drainage structure can reduce head loss by directing flow through the
structure. The benching correction factor depends on the type of benching that is specified, and
whether flow in the structure is submerged. Figure 3-5 illustrates invert benching for a drainage
structure. Table 3-9 presents benching correction factor for submerged and unsubmerged flow for
various benching configurations; for intermediate conditions (1.0<d,,/D,<3.2), the designer may
interpolate linearly between the tabulated values.

Table 3-9 Benching Correction Factors (Cg)

Benching Type Submerged Flow Unsubmerged Flow
dout/Do > 3.2 dout/Do <1
Flat or Depressed Floor 1.00 1.00
Half Bench 0.95 0.15
Full Bench 0.75 0.07

3.3.6.6 Entrance Losses

When runoff enters a storm drain system from open channels or other locations other than street
inlets, an energy loss occurs at the entrance in the form of a contraction loss. The head loss at
storm drain entrances is expressed as:

2
A%
H, =K, g (3-24)

The entrance loss coefficient (Kjy) for storm drain systems is the same as the entrance loss
coefficient used for the entrance loss calculation for culverts. Table 3-13 (page 3-23) provides a
list of recommended entrance loss coefficients.
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3.3.6.7 Outlet Losses

When the storm drain system discharges into open channels, additional losses occur at the outlet
in the form of expansion losses. These losses are due to several reasons. For most storm drain
outlets, the flow velocity in the storm drain is greater than the allowable or actual flow velocity in
the downstream channel. Therefore, energy-dissipating facilities are used to remove excess
energy from the storm drain flow (see Section 8). In addition, the alignment of the storm drain at
the outlet may not be the same as the downstream channel. Therefore, energy is lost in changing
the flow direction between the storm drain to the downstream channel. The head loss at storm
drain outlets is expressed as:

2
v

H, =Koy 2_1 (3-25)
g

An outlet loss coefficient (Koyr) of 1.0 shall be used for all storm drain outlets.

3.4 OUTLET PROTECTION

Storm drain outlets shall be constructed with erosion protection when they discharge to unlined
channels or drainage courses. Chapter 7 of this Manual discusses the requirements for outlet
protection.
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Table 3-10  Expansion Loss Coefficient (Kg) for Sudden Enlargement Under Pressure
Flow Conditions

Velocity V, (ft/s)

D,/D; 2.00 3.00 4.00 5.00 6.00 7.00 8.00 10.00 12.00 15.00 20.00 30.00 40.00
120 011 010 0.10 0.10 010 010 010 0.09 0.09 0.09 0.09 0.09 o0.08
140 026 026 025 024 024 024 024 023 023 022 022 021 0.20
160 040 039 038 037 037 036 036 035 035 034 033 032 0.32
180 051 049 048 047 047 046 046 045 044 043 042 041 040
200 060 058 056 055 055 054 053 052 052 051 050 048 047
250 074 072 070 0.69 068 067 066 065 064 063 0.62 0.60 0.58
300 083 080 078 077 076 075 074 073 072 070 069 0.67 0.65
400 092 089 087 08 084 083 082 080 079 0.78 076 0.74 0.72
500 096 093 091 089 0.88 087 086 084 083 082 080 0.77 0.75
10.00 1.00 099 09 095 093 092 091 089 088 086 0.84 082 0.80

8 1.00 100 098 096 095 094 093 091 090 0.88 0.86 0.83 0.81

D./D; = ratio of diameter of larger pipe to smaller pipe; V; = velocity in smaller pipe (upstream of transition).

Table 311  Expansion Loss Coefficient (Kg) for Gradual Enlargement Under
Pressure Flow Conditions

Angle of Cone
D2/D4 2° 6° 10° 15° 20° 25° 30° 35° 40° 50° 60°
1.1 0.01 0.01 0.03 0.05 0.10 0.13 0.16 0.18 0.19 0.21 0.23
1.2 0.02 0.02 0.04 0.09 0.16 0.21 0.25 0.29 0.31 0.35 0.37
1.4 0.02 0.03 0.06 0.12 0.23 0.30 0.36 0.41 0.44 0.50 0.53
1.6 0.03 0.04 0.07 0.14 0.26 0.35 0.42 0.47 0.51 0.57 0.61
1.8 0.03 0.04 0.07 0.15 0.28 0.37 0.44 0.50 0.54 0.61 0.65
2.0 0.03 0.04 0.07 0.16 0.29 0.38 0.46 0.52 0.56 0.63 0.68
2.5 0.03 0.04 0.08 0.16 0.30 0.39 0.48 0.54 0.58 0.65 0.70
3.0 0.03 0.04 0.08 0.16 0.31 0.40 0.48 0.55 0.59 0.66 0.71
8 0.03 0.05 0.08 0.16 0.31 0.40 0.49 0.46 0.60 0.67 0.72

D./D; = ratio of diameter of larger pipe to smaller pipe; Angle of cone is angle in degrees between the side of the tapering
section.
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Table 3-12  Contraction Loss Coefficient (K¢) for Sudden Contraction Under Pressure
Flow Conditions

Velocity Vi (ft/s)
D2/D1 2.0 3.0 4.0 5.0 6.0 7.0 80 100 120 150 20.0 30.0 40.0
11 003 004 004 004 004 004 004 004 004 0.04 0.05 0.05 0.06

1.2 007 0.07 0.07 0.07 0.07 0.07 007 008 0.08 0.08 0.09 010 0.11

14 0.17 047 0.17 0.7 0417 0.17 017 018 0.18 0.18 0.18 0.19 0.20

16 026 026 026 026 026 026 026 026 026 026 025 025 0.24

18 034 034 034 034 034 034 033 033 032 032 032 029 0.27

20 038 038 037 037 037 037 036 036 035 034 033 0.31 0.29

22 040 040 040 039 039 039 039 038 037 037 035 0.33 0.30

25 042 042 042 041 041 041 040 040 039 038 037 034 0.31

30 044 044 044 043 043 043 042 042 041 040 039 0.36 0.33

40 047 046 046 046 045 045 045 044 043 042 041 037 0.34

50 048 048 047 047 047 046 046 045 045 044 042 038 0.35

10.0 049 048 048 048 048 047 047 046 046 045 043 040 0.36

8 049 049 048 048 048 047 047 047 046 045 044 041 0.38

D./D; = ratio of diameter of larger pipe to smaller pipe; V; = velocity in smaller pipe (downstream of transition).
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Table 3-13  Entrance Loss Coefficients for Storm Drains and Culverts (Outlet Control,
Full or Partly Full)

2
H =K, —
2g

Type of Structure and Design of Entrance Coefficient Kg
Concrete Pipe
Projecting from Fill, Socket ENd (Groove-ENd) ..........ccoiiiiiiiiiiiie e 0.2
Projecting from Fill, SQUare-Cut EN ..........ccooiiiiiiiiii et 0.5
Headwall or Headwall and Wingwalls

Socket End of Pipe (Groove-ENnd) ... 0.2

SQUAIE-EAJE ... .o 0.5
Rounded (RAIUS = D/M2) ...ttt e et e e 0.2
Mitered to Conform 10 Fill SIOPE ... ... 0.7
End-Section Conforming to Fill SIOPE ..o 0.5
Beveled EAges, 33.7° 0F 45° BEVEIS .....ooiiiiiiiiiiieeee ettt a e 0.2
Side- or SIope-Tapered INIEL .......ooiii e e e e e e e 0.2
Corrugated Metal Pipe or Pipe-Arch
Projecting from Fill (NO Headwall) .........oooiiiiiiiiieiie e 0.9
Headwall or Headwall and Wingwalls Square-Edge ..........cccevvviiiiiiiiiiiiee e 0.5
Mitered to Conform to Fill Slope, Paved or Unpaved SIOpe ........oooieiiiiiiiiiiieeeeeeeeeee 0.7
End-Section Conforming to Fill SIOPE ........ooueiiiiiiiiii e 0.5
Beveled Edges, 33.7° 0r 45° BEVEIS ... 0.2
Side- or Slope-Tapered INIet ... e e e e 0.2
Box, Reinforced Concrete
Headwall Parallel to Embankment (No Wingwalls)
Square-Edged 0N 3 EAQES ......uuiiiiiii it e e a e e e anraes 0.5

Rounded on 3 edges to Radius of D/12 or B/12,

or Beveled EAGes 0N 3 SIAES ...ccooouiiiiiiiiie ettt 0.2
Wingwalls at 30°to 75° to Barrel

Square-Edged at CrOWN .......coooiiiiiiiie et 04

Crown Edge Rounded to Radius of D/12 or Beveled Top EAge ...ccceeeieeiiiiiiieeeeeee 0.2
Wingwall at 10°to 25° to Barrel

Square-Edged at CrOWN .......coooiiiiiiie et 0.5
Wingwalls Parallel (Extension of Sides)

Square-Edged at CrOWN .......coooiiiiiiiiie et 0.7

Side- or Slope-Tapered INIEt ... 0.2

* Note: “End Sections conforming to fill slope,” made of either metal or concrete, are the sections commonly available

from manufacturers. From limited hydraulic tests they are equivalent in operation to a headwall in both inlet and outlet
control. Some end sections, incorporating a closed taper in their design have a superior hydraulic performance. These
latter sections can be designed using the information given for the beveled inlet.
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4 CULVERTS

4.1 INTRODUCTION

Culverts are hydraulically short conduits typically used to convey surface water through a
highway or railroad embankment, or other type of obstruction. Culverts are usually designed to
take advantage of submergence in order to increase the capacity of the conduit. This Manual
provides only a basic level of information on culvert design criteria and design procedures. The
Federal Highway Administration’s Hydraulic Design of Highway Culverts (Hydraulic Design
Series No. 5, 2001) provides further information on culvert design.

4.2 GENERAL DESIGN CRITERIA

4.2.1 Hydraulic Criteria

Culverts shall be designed to convey the peak 100-year design flow for public roads. Whenever
practical, the culvert shall maintain a minimum gradient of 0.5 percent, or a flow velocity of
4 feet per second when flowing one-quarter full. When outlet velocities exceed permissible
velocities for the outlet channel, suitable outlet protection (e.g., energy dissipation or channel
lining) shall be provided.

For culvert facilities within the public right-of-way, the minimum culvert size shall be an 18-inch
diameter round pipe. This Manual generally references its culvert design criteria and procedures
to circular and rectangular cross-sections. These criteria and procedures can be adapted to
equivalent cross-sections (e.g., arches and other non-circular or non-rectangular shapes) with due
care. Culverts with non-standard cross-section shapes must also adhere to the design criteria in
this Manual. Multiple barrel culverts are acceptable, so long as each barrel meets minimum
gradient and velocity criteria.

Appendix A provides a table of recommended Manning Roughness coefficients for culvert.

Culvert headwater elevations shall maintain a freeboard of at least one foot below the roadway
crest and the finished floors of structures within the zone influenced by the culvert headwater.
When a culvert crossing increases the existing limits of flooding, the project owner shall obtain
appropriate documentation from affected property owners as required by the governing Agency.
Figure 4-1 provides a definition sketch for a typical culvert installation. A culvert headwall or
other slope protection is required when the headwater elevation exceeds the top of the culvert
conduit.

Culverts shall follow the alignment and grade of the natural channel whenever possible. In cases
where the barrel cannot be aligned with the channel flow line, the angle of flow approaching the
inlet shall be less than 90 degrees and the additional head loss due to approach angle shall be
accounted for at the entrance of the culvert (see Table 3-13).

4.2.2 Special Culvert Considerations
4.2.2.1 Pipe Material

There is a wide variety of materials that may be used for construction of a drainage system,
including: reinforced concrete pipe, cast-in-place concrete conduit, corrugated steel pipe,
corrugated aluminum pipe, high-density polyethylene, and other materials. The specified material
shall be approved by the governing Agency, have a minimum design life of 60 years, and shall
meet the design criteria outlined in Appendix B. Where field conditions dictate the use of one
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Figure 4-1 Definition Sketch for Culverts

pipe material in preference to others (e.g., corrosive soil conditions, presence of a groundwater
table, or a seawater outfall), the reasons shall be clearly presented in the plans and specifications.

4.2.2.2 Debris Considerations

When a culvert is anticipated to pass significant amounts of debris, the design shall maintain or
accelerate the velocity of flow approaching the culvert rather than creating a pond at the entrance,
and the design flow shall be increased by an appropriate bulking factor to account for the debris.
Multiple barrel culverts have an increased susceptibility to clogging due to debris and sediment.
When two or more barrels are used at a culvert crossing, the culvert design shall provide for
sufficient maintenance access from the upstream side of the crossing. Chapter 8 (“Debris Barriers
and Basins”) of this Manual discusses debris barriers or trash racks.

4.2.2.3 Deep Cover Culverts

When the culvert is under cover of 25 feet or more, the culvert shall be over-sized by 6 inches in
order to provide for future interior repairs or re-lining.

4.2.2.4 Pipe Abrasion

In cases where a culvert is expected to carry a large amount of debris or abrasive sediment
material, it shall be outfitted with protective measures to provide sufficient design life for the
facility. When protection is warranted, the invert of the pipe (i.e., the bottom 90 degrees of the
pipe) shall be protected on all straight-aways, and the invert and walls (i.e., the lower 180 degrees
of the pipe) shall be protected on all curves. The pipe material will dictate the type and degree of
protection required.

4.2.2.5 Low-Water Crossings

Low-water crossings (also known as dip crossings, at-grade crossings, or “Arizona crossings”)
are concrete aprons placed across the streambed to permit vehicles passage at low flow, and
permit debris and sediment to pass during periods of high flow. Dip crossings may be used for
secondary access crossings of shallow streams, where installation of a culvert or bridge is
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impractical. Low-water crossings are also often useful as temporary installations, which will be
replaced later by an “all-weather” facility.

Designers are encouraged to consult with the governing Agency before project submittal in cases
where low-water crossings might be proposed. Low-water crossings are not typically permitted
for public roads. The designer shall consider the effects on upstream and downstream conditions
or adjacent properties. Low-water crossings must conform to criteria in City of San Diego
Supplemental Regional Standard Drawing No. SDD-101 (Figure 4-2, page 4-5).

4.3 HYDRAULIC DESIGN OF CULVERTS

The design engineer may complete a culvert analysis using computer programs (e.g., U.S. Army
Corps HEC-RAS River Analysis System, FHWA HY-8 Culvert Analysis, and proprietary
programs), or they may use the graphical procedure outlined in the Federal Highway
Administration’s Hydraulic Design of Highway Culverts (Hydraulic Design Series No. 5, 2001).
This basic graphical procedure calculates the culvert headwater following three basic steps:

Step 1. Calculate headwater assuming inlet control (see Section 4.3.1).
Step 2. Calculate headwater assuming outlet control (see Section 4.3.2).
Step 3. Select the maximum headwater elevation from the results of the inlet and outlet

control as the design condition.

This minimum performance design procedure provides a conservative design that will help assure
adequate performance under the least favorable hydraulic conditions. Figure 4-3 and Figure 4-4 at
the end of this Chapter provide examples of inlet-control and outlet-control headwater
nomographs, respectively. Appendix C provides selected nomographs from FHWA HDS No. 5.

4.3.1 Inlet Control

Inlet control occurs when the culvert barrel is capable of conveying more flow than the inlet will
accept. The control section of a culvert operating under inlet control is located just inside the
entrance. Critical depth occurs at or near this location, and the flow regime immediately
downstream of the culvert entrance is supercritical. This shallow, high-velocity flow characterizes
culverts under inlet control.

Because inlet hydraulic control is upstream, only the headwater and the inlet configuration truly
affect culvert performance. The headwater depth (Hj) is measured from the invert of the inlet
control section to the surface of the upstream pool. Inlet configuration is characterized by the inlet
face area; inlet edge configuration; and inlet shape. The designer should be sure to account for
these factors when selecting and applying an appropriate inlet control design nomograph.

Inlet Area. The inlet area is the cross-sectional area of the face of the culvert. Generally, the inlet
face area is the same as the barrel area, but for tapered inlets the face area is enlarged, and the
control section is at the throat.

Inlet Edge. The inlet edge configuration describes the entrance type. Some typical inlet edge
configurations are thin edge projecting, mitered, square edges in a headwall, and beveled edge.

Inlet Shape. The inlet shape is usually the same as the shape of the culvert barrel; however, it may
be enlarged as in the case of a tapered inlet. Whenever the inlet face is a different size or shape
than the culvert barrel, the possibility of an additional control section within the barrel exists.

Inlet control can be described as unsubmerged, in transition, or submerged. For unsubmerged or
low headwater conditions (approximately Hy/D < 1), the entrance of the culvert operates as a weir
and the upstream water surface elevation can be predicted for a given flow rate. For headwaters
submerging the culvert entrance (approximately Hy/D>1.5), the entrance of the culvert operates
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as an orifice. The flow transition zone between low headwater (weir control) the high headwater
flow condition (orifice control) is not well defined.

4.3.2 Outlet Control

Outlet control flow occurs when the culvert barrel is not capable of conveying as much flow as
the inlet opening will accept. Either subcritical or pressure flow exists in the culvert barrel under
these conditions. Therefore, the control section for outlet-controlled flow in a culvert is located at
the barrel exit or further downstream. Culverts flowing under outlet control are characterized by
relatively deep, lower velocity flow.

All of the factors influencing the performance of a culvert operating under inlet control also
influence culverts in outlet control. In addition, the barrel characteristics (roughness, area, shape,
length, and slope) and the tailwater elevation affect culvert performance in outlet control. The
tailwater elevation is based on the downstream water surface elevation, which can be determined
by means of a normal depth approximation or from backwater calculations as appropriate.

4.3.3 Selection of Design Condition

The culvert design condition is determined by comparing the calculated culvert headwater
assuming inlet control with the calculated culvert headwater assuming outlet control. The
condition with the higher culvert headwater elevation is the design condition.

4.3.4 Outlet Velocity and Protection

Suitable outlet protection (e.g., riprap or channel lining) must be provided when outlet velocities
exceed permissible velocities for the outlet channel lining material. Chapter 7 (“Energy
Dissipation”) discusses the various types and the design of energy dissipators. This section
describes how to calculate outlet velocity of a culvert.

When the controlling headwater is based on inlet control, determine the normal depth and
velocity in the culvert barrel. The outlet velocity is assumed to be the same as the velocity within
the barrel at normal depth.

When the controlling headwater is under outlet control, and the outlet is not submerged, the depth
of flow at the outlet shall be taken as the larger of the tailwater depth and the critical depth in the
culvert barrel. The outlet velocity may be determined by dividing the discharge rate by the cross-
sectional flow area within the barrel based on the chosen depth.

4.4 REFERENCES

U.S. Department of Transportation, Federal Highway Administration. (September 2001).
Hydraulic Design of Highway Culverts. Hydraulic Design Series No. 5, 2nd Edition. FHWA-
NHI-01-020.

U.S. Department of Transportation, Federal Highway Administration. (May 1987). HY-8
Microcomputer Program Applications Guide. FHWA-ED-87-101.

San Diego County Drainage Design Manual Page 4-4
July 2005



Figure 4-2

HEADWALL 8" MIN PCC PAVEMENT 560-C-3250

8" PCC SIDEWALK

SLOPE TO DRAIN 2%

SIDEWALK UNDERDRAIN
MOD D-25

. #4 BARS @
OFF WALL UTILTY CONDUITS 18° VERT. & HORZ.
SECTION A-A
T
P~
\ -
12" PCC NS = O
CUT OFF WALL 95.'\ \ \ { \(5\
: \ i e WL LN p
L i Lo e I T S N S pa— —\
L ‘ . b '. L L [)'l"‘)\_ A
-.—--‘9":'——'—-.-.,-‘.-—_ r('\(—
— T RCpET T T ;r*,’; }
._m_-.:...,__@w_,
ST N N "\,\(
'.'-*-—'lﬁ——‘—n'—é-.q-“—,_
“ _—_ﬁ-———ﬁ 2 __h*—__JhQ<
1z pec = (NN >{
CUT OFF WALL -(\(\ VoY 2’\,/
'\'(\/ e BRAP/'\ ~
‘ ~J, /

Figure 4-2  Low-Water Crossing

San Diego County Drainage Design Manual (July 2005)
Page 4-5




Figure 4-3

— 1B

['_usa
|-1.]

[I:_ 144
|- 132

- (20

108

T

86

T

— T2

— 36
— 33

DIAMETER OF GULVERT {0) IN INCHES

— 50

— 27

— 24

— 24

9

DISCHARGE (Q) IN GFS

L1

— 10,000

8,000 EXAMPLE

. Dadz Inches (3.8 faet)
-~ 6,000

:" 1 000 Gin (20 tis

— &,000 & W
-t A
- %000 23  sa
C @) 2.0 T4
e £,000 3 2.3 1.7
;_ LRI

C- 1,000

— 800

— 800

S Ta ' o] /
L. 4

L wt

= 500 B L

B -

- 200 /

=~

E-

- (00

— 8o

— 60

— 5O Y
B HW ENTRANGE
[ 40 —p SCALE bl
- 50 1} Squerw wdge wiih
B handwall
- 2o 12) Grooes gnd witn
E headwoll
- 3 Groovs and
L prajacikng
— 10

— B

B & To uze scale [B) or (3| project
— 5 torizontaily 10 scofe (1), then
= 4 usa strolght inclined lina FArough
| C and O wscales, or reverse a9
_ 3 illywtrated.

- 2

" 1a

Figure 4-3

O

(3)
5.
[— -EI_
P B ]
-6 L == .3
B a4 T
W - 4,
-4' =3, -
- L 3,
3. L
L e —f — |
= =2 B
Q:"E. r :
= [ s s
‘E- 18 s
m- =
SETE [
= [ |
=
E_ - -
a
z| - 2
=
g“ -0t Lo
w 1.0 -
L — .8
b 2 s
z -9 B
a
UF
T i ~-.8 | &
I_
. SN NI -
L B -
e | s
|
L. .5 3 — .5

HEADWATER DEPTH FOR
GONCRETE PIPE CULVERTS

HEADWATER SCALES 283

REVISED MAY 1984

BUREAL OF FUBLIC ROADS JAN, IPES

Sample Inlet Control Nomograph

San Diego County Drainage Design Manual (July 2005)

Page 4-6

WITH INLET CONTROL




Figure 4-4

iy 2000 . — 3
: o= T By
= nw | ' =
E — by T
B E ¥ ’
: g w S Slaps Sg— i L
x| = TLET CULVERT FLOWING FULL -
- 1000 g = SUBMERGED OQUTLE LY n
at 2 L
- a00 — 20 For oylial crown not ssbmeérged, compuln HW by 6
'_ malhgdn dyscribed in IPe design pracedunt
- 500 =W B
— 500 — 96 =
L L0210
L 400 L o4 o - I
L L |
— 300 [-— o -
i 66 - F
— 200 - 60 wi-e
w [ w r
e b 54 zZt
: o adfH - e .-_
=E W 4B E Nk
ol o of
~ — 100 Zz | < |
P = 42 w4
W bt x
L L. I Q- — -
ﬁ C I_[G/ W =
[ 235 i
a [
o o | s e
S |-s0 - B
L lil — 30 [
- 40 o B
= a er —
— 1
98 — 24 i
; 20 —2l L
: | 8 b 20
-0 15
— B8
.= -2
- &
4

HEAD FOR
CONCRETE PIPE CULVERTS
FLOWING FULL

BURCAY OF PUBLIC RDADS JaM, 1963

Figure 4-4  Sample Outlet Control Nomograph

San Diego County Drainage Design Manual (July 2005)
Page 4-7

n=0.0l12




[THIS PAGE INTENTIONALLY LEFT BLANK]

San Diego County Drainage Design Manual (July 2005)
Page 4-8




5 OPEN CHANNELS

5.1 INTRODUCTION

This Chapter presents technical standards and design criteria for the evaluation and design of
natural and engineered open channels, and discusses design standards for various channel types
that might be encountered or used in the County of San Diego. This Manual provides only the
minimum hydraulic standards for channel evaluation and design.

This Chapter opens with a discussion of the types of open channels and a general approach for the
selection of the appropriate channel type for a particular design situation (Section 5.2). Next is a
discussion of general open channel design criteria (Section 5.3), which apply to all improved
channels, followed by criteria that are specific to a particular channel type (Section 5.4 through
Section 5.9).

This Manual discusses open-channel design procedures in the context of channels with
rectangular and trapezoidal cross-Sections. The criteria and methods can be adapted to other
cross-Section shapes (e.g., parabolic or composite shapes) with due care.

The ultimate responsibility for a functional channel design lies with the engineer in charge of the
design. The execution of this responsibility may require additional analyses and stricter design
standards than the minimum standards presented in this Manual.

Lifetime maintenance is critical to maintain the hydraulic capacity and intended function of an
open channel facility. Special attention shall be taken to provide appropriate safety measures
(e.g., gates, guard rails, and/or fencing) and maintenance access for open channels.

This Manual encourages the design engineer to review related textbooks and other technical
literature on the subject for more in-depth discussions on open-channel hydraulics and channel
design. Section 5.13 provides a list of related publications that may prove helpful.

5.2 TYPES OF OPEN CHANNELS

Open channels can be categorized as either natural or engineered. Natural channels include all
watercourses that are carved and shaped naturally. Engineered channels are those constructed by
human efforts. Open channels can be separated into six different types:

0 Natural or Designed Alluvial-Bed Channels
Grass-Lined Channels

Wetland-Bottom Channels

Riprap-Lined Channels

0O 0O 0 DO

Concrete-Lined Channels
O Other Channel Linings
5.2.1 Natural and Designed Alluvial-Bed Channels

A natural channel is a watercourse formed by natural processes. In general, a natural channel
continually changes its position and shape within alluvial valley as a result of hydraulic forces
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acting on its bed and banks. When feasible, natural channels shall be kept undisturbed, and new
development shall be placed at least one foot above 100-year water surface elevations.

A designed alluvial bed channel is a conveyance system designed and constructed to mimic the
characteristic of a natural alluvial channel. Designed alluvial bed channels are allowed to change
position and shape within channel banks, and most often involve a composite cross-Section with
low-flow channel and floodplain components.

5.2.2 Grass-Lined Channels

Grass-lined channels are engineered channels with grass or other short-stemmed vegetation lining
its bottom and sides. Figure 5-1 illustrates a typical grass-lined channel. Grass-lined channels are
often considered the most desirable “rigid” engineered channels from an aesthetic viewpoint. The
channel storage, lower velocities, and the sociological benefits of grass-lined channels often
create significant advantages over other types of engineered channels. The grass cover can
stabilize the channel side slopes, minimize erosion of the channel surface, and control the
movement of soil particles along the channel bottom. Low flow channels within the grass-lined
channel may need to be concrete or rock-lined to minimize erosion and maintenance. Section 5.5
provides specific design criteria for grass-lined channels.

| el e

- e TR
s

Figure 5-1 Example of a Grass-Lined Channel

5.2.3 Wetland-Bottom Channels

Wetland-bottom channels utilize vegetative components and other natural materials in
combination with structural measures to construct natural-like channels that are stable and
resistant to erosion. Figure 5-2 illustrates a typical wetland-bottom channel. Wetland-bottom
channels provide channel storage, slower velocities, and various multiple use benefits. Wetland
bottom channels encourage the development of wetlands or certain types of riparian vegetation in
the channel bottom. The potential benefits associated with a wetland bottom channel include
habitat for aquatic, terrestrial, and avian wildlife and water quality enhancement as the base flows
move through the marshy vegetation. The potential benefits of wetland-bottom channels should
be measured against additional land requirements, maintenance requirements, and potential vector
problems. Section 5.6 provides specific design criteria for wetland-bottom channels.
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Figure 5-2

5.2.4 Riprap-Lined Channels

Riprap-lined channels are channels in which riprap is used for lining the channel banks and
bottom. Figure 5-3 illustrates a typical riprap-lined channel. Riprap is a popular choice for
erosion protection because the initial installation costs are often less than alternative methods for
preventing erosion. However, the design engineer must be mindful that there are additional costs
associated with riprap erosion protection since riprap installations require periodic inspection and
maintenance. Riprap-lined channels may be permitted in areas of existing development where
existing right-of-way limitations preclude the use of vegetated channels. Rock riprap lining might
be appropriate in cases where: major flows such as the 100-year flood are found to produce
channel velocities in excess of allowable non-eroding values, where channel side slopes must be
steeper than 3H:1V, for low flow channels, and where rapid changes in channel geometry occur
such as channel bends and transitions. Section 5.7 provides specific design criteria for riprap-
lined channels.

Figure 5-3  Example of Riprap-Lined Channel
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Figure 5-4  Example of Concrete-Lined Channel

5.2.5 Concrete-Lined Channels

Concrete-lined channels are rectangular or trapezoidal channels in which reinforced concrete is
used for lining of the channel banks and/or bottom. Figure 5-4 illustrates a typical concrete-lined
channel. Concrete-lined channels may be permitted only where existing right-of-way restrictions
preclude the use of other channel types, and will be approved on a case-by-case basis.
Section 5.8 provides specific design criteria for concrete-lined channels.

5.2.6 Other Types of Channel Lining

There are a variety of engineered channel liners available to the design engineer. These include
gabion boxes and mattresses, cable-stayed articulated concrete block mattresses (ACB),
interlocked concrete blocks, concrete revetment mats formed by injecting concrete into double-
layer fabric forms, and various types of synthetic fiber liners. Section 5.9 discusses design criteria
for engineered channel liners.

5.2.7 Selection of Channel Type

This Manual does not have preference for or prejudice against any particular channel-lining
system, as long as it is properly evaluated on its merits. Each type of channel must be evaluated
for its longevity, integrity, maintenance requirements and costs, and general suitability for
community needs, among other factors. Selection of a channel type that is most appropriate for
the conditions that exist at a project site shall be based on a multi-disciplinary evaluation, which
may include hydraulic, structural, environmental, sociological, maintenance, economic, and
regulatory factors.

5.3 GENERAL DESIGN CRITERIA

This Section presents general hydraulic design standards that are applicable to all improved
channels. Section 5.4 provides design criteria for natural and alluvial-bed channels. Section 5.5
through Section 5.9 discuss specific design standards and procedures for five types of fixed-bed
channels: grass-lined channels, wetland bottom channels, riprap-lined channels, concrete-lined
channels, and channels with other types of linings. The specific requirements for a particular type
of channel may be more strict than the general design criteria outlined in this Section.
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5.3.1 Hydraulic Capacity

All new open channels shall be designed, at a minimum, to safely confine and convey the runoff
from the 100-year design event as prescribed by the San Diego County Hydrology Manual (June
2003). The County of San Diego prefers that flows that can be conveyed in a 48-inch diameter
pipe or smaller be conveyed within underground conduit rather than an open channel.

5.3.2 Manning Roughness Coefficient

Selection of an appropriate channel roughness value for a given channel section is important for
the hydraulic capacity analysis and design of open channel. The roughness value can vary
significantly depending on the channel type and configuration, density and type of vegetation,
depth of flows, and other hydraulic properties.

Appendix A provides recommended values for the Manning roughness coefficient for various
channel and overbank types and conditions. Manning roughness coefficients for riprap channels
shall be computed based on the criteria outlined in Section 5.7.2.

5.3.3 Uniform Flow

Open channel drainage systems shall be designed assuming uniform flow conditions.
Section 5.10.1 presents the uniform flow equation and methods for calculating uniform flow.

5.3.4 Vertical and Horizontal Alignment

Open channels shall have a minimum longitudinal gradient of 0.5 percent whenever practical.
Flatter grades may be approved with prior consultation with the governing Agency. Open
channels with grades flatter than 0.5 percent shall have provisions for the drainage of nuisance
low flows.

Horizontal alignment changes of two degrees or less may be accomplished without the use of a
circular curve for subcritical flow designs (FR <1.0, see 5.10.3). Curves must be used for
supercritical flow designs (FR >1.0), no matter the degree of change in horizontal alignment.
Curved channel alignments shall have super-elevated banks in accordance with Section 5.10.4.

Spiral transition curves shall be used upstream and downstream of curves for supercritical
channel designs with reverse curves or horizontal alignments with consecutive circular curves.
Spiral curves may also be used to reduce required superelevation allowances and cross-wave
disturbances.

5.3.5 Maximum Permissible Velocity

The design of open channels shall be governed by maximum permissible velocity. This design
method assumes that a given channel section will remain stable up to a maximum permissible
velocity, provided that the channel is designed in accordance with the standards presented in this
Manual. Table 5-13 (page 5-43) presents the maximum permissible velocities for several types of
natural, improved, unlined, and lined channels.

Regardless of these maximum permissible velocities, the channel section shall be designed to
remain stable at the final design flow rate and velocity. The design flow may not always yield the
highest flow velocity. Therefore, best practice is to confirm channel section stability during
events smaller than the design flow. This may be accomplished by evaluating flows of specific
more frequent storm events (e.g., 10-year, 2-year, etc.), or testing successive fractions (e.g., one-
half, one-quarter, and further if necessary) of the design flow. However, only calculations for the
full design flow are required to be submitted for review.
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Additional geotechnical and geomorphological investigation and analyses may be required for
natural channels or improved unlined channels to verify that the channel will remain stable based
on the maximum design velocities.

5.3.6 Subcritical and Supercritical Flow

Flow can be classified as critical, subcritical, or supercritical according to the level of energy in
the flow. This energy is commonly expressed in terms of a Froude Number (FR) and critical
depth (d.). Section 5.10.1 discusses the characteristics of critical flow and describes methods for
determining Froude Number and critical depth. All channel design submittals shall include the
calculated Froude Number (FR) and critical depth (d.) for each unique reach of channel to
identify the flow state and verify compliance with these criteria.

Flow at or near the critical state (FR=1.0 or d=d.) is unstable. As a result, minor factors such as
channel debris have the potential to cause severe and acute changes in flow depth. Whenever
practicable, channels shall be designed to convey their design flow following the flow energy
limitations described in Table 5-1. When necessary to convey flows at or near critical state
(0.80< FRr <1.20), flow instabilities may be accommodated by providing additional freeboard.

Table 5-1 Limitations on Flow Energy for Rectangular and Trapezoidal Channels
Design Flow Condition Froude Number
Subcritical FRrR <0.80
Supercritical FrR >1.20

In rare cases, the specific energy relationship of a cross-section might result in a situation where
flows less than the design flow may have a greater depth than the depth calculated for the design
flow. The design engineer shall check supercritical channel designs to evaluate whether the
channel will maintain freeboard requirements (Section 5.3.7) during flows less than the design
flow (see suggested method in Section 5.3.5).

5.3.7 Freeboard

In the context of this Manual, freeboard is the additional height of a flood control facility (e.g.,
channel, levee, or embankment) measured above the design water surface elevation. All channel
linings shall extend to the design freeboard height. In this way, the freeboard will provide a factor
of safety when designing open channels. Freeboard shall be calculated using the maximum
Manning roughness coefficient expected during the lifetime of the channel. Unless other
information justifies a lower roughness value, the design engineer may assume the maximum
lifetime channel roughness to be #=0.150.

Open channel facilities conveying a design flow of less than 10 cfs shall have a minimum
freeboard of 0.5 feet. Open-channel facilities conveying a design flow of 10 c¢fs or more shall
have a design freeboard based on a minimum freeboard of 1.0 foot, with allowances for velocity,
super-elevation, standing waves, and/or other water surface disturbances such as slug flow.
Section 5.10.3 and Section 5.10.4 provide design methods for calculating these allowances.
Equation 5-1 and Equation 5-2 describe the minimum design freeboard for subcritical and
supercritical flow designs, respectively:

1.0
— 2 2 _
(hf’ )SUBCRIT[CAL = max 0.5 +v_+ v, +Ay (5-1)
2g g
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v OV,
() =1.0+0.025vd" +—— 4 Ay (5-2)
SUPERCRITICAL ”g
where ...
h; = minimum required freeboard (ft);
v = flow velocity (ft/s);
g = gravitational acceleration (32.2 ft/s);
VT,
Y w = superelevation allowance (ft), see Section 5.10.5; and
rg
Ay = allowances for other hydraulic phenomenon (ft), (e.g., standing waves, slug flow

—see Section 5.10.4.3).

Superelevation allowance is a function of flow velocity, channel geometry, and channel
alignment. Applying transition curves to the alignment may reduce the required superelevation
allowance. Section 5.10.5 discusses the calculations of superelevation allowance in more detail.
The superelevation allowance shall be applied to both banks of the channel. The superelevation
allowance shall be applied to channel bends in the in the following manner:

O Begin at a point five times the characteristic wave length of the design flow (5Ly),
measured from the downstream tangent point of the curve, with no superelevation
allowance.

O Taper uniformly to the full superelevation allowance at a point three times the
characteristic wave length of the design flow (3Ly), measured from the downstream
tangent point of the curve.

O Maintain the full superelevation allowance through the curve.

0 Continue the top of bank elevation level from the upstream tangent point of the curve to
its intersection with the normal top of bank.

Figure 5-11 illustrates freeboard superelevation allowance. Equation 5-3 and Equation 5-4
describe the characteristic wave lengths for subcritical and supercritical flow, respectively.

2T, (5-3)

2T, FR* -1 (5-4)

(LW )SUBCR[TICAL -

(LW )SUPERCRITICAL -

where ...
Ly = characteristic wavelength (ft);
Tw = top width of water surface (ft); and
FrR = Froude Number (no dimension);

The freeboard under the lowest chord of bridge deck (i.e., the soffit elevation) shall be a
minimum of 1 foot during the 100-year design event. In cases where the bridge has been
designed to withstand hydraulic forces of floodwaters and impact from large floating debris, the
water surface elevation upstream of the bridge shall maintain a freeboard of at least one foot
below the roadway crest and the finished floors of structures within the zone influenced by the
bridge headwater. When a bridge crossing increases the existing limits of flooding, the project
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owner shall obtain appropriate documentation from affected property owners as required by the
governing Agency.

This Manual only describes the County of San Diego’s minimum freeboard requirements for
open channel design. Major drainage ways involving road crossings or other types of crossings,
streams that the Federal Emergency Management Agency (FEMA) has mapped as Special Flood
Hazard Areas, or facilities that interface with Caltrans facilities might have significantly different
freeboard requirements. For instance, FEMA has established freeboard requirements for channels
with levees that can vary significantly from those outlined in this Manual.

5.3.8 Flow Transitions

Channel transitions occur in open channel design whenever there is a change in channel slope or
shape and at junctions with other open channels or storm drain. Properly designed flow
transitions mimic the expansion or contraction of natural flow boundaries as best as possible, as
well as minimize surface disturbances from cross-waves and turbulence. Drop structures and
hydraulic jumps are special transitions where excess energy is dissipated by design. Transitions in
open channels are generally designed for either subcritical or supercritical flow transitions.

Hydraulic jumps shall be designed to take place only within energy dissipation or drop structures,
and not within an erodible channel. Subcritical transitions shall satisfy the minimum transition
lengths described in Section 5.10.3. Supercritical transitions shall satisfy the minimum transition
lengths described in Section 5.10.4. Special transitions such as drop structures and hydraulic
jumps shall satisfy the specifications described in Section 5.12.

5.3.9 Access and Safety
5.3.9.1 Access

Any easement encompassing a channel shall be wide enough to provide for the channel structure
and adequate maintenance access. Easements shall be placed on one side of lot or ownership
lines in new developments and in existing development where conditions permit.

O The minimum width of any channel easement shall be the top width of channel plus
4 feet on each side of the channel.

0 Channels with a top width of less than 40 feet require a minimum 12-foot wide service
road parallel to one side of the channel and a 4-foot wide access on the opposite side,
whenever practicable.

O Channels 40 feet or more in top width require a minimum 12-foot wide service roads on
both sides of the channel, whenever practicable.

Service roads parallel to a channel facility may be omitted when the lack of a service road is not
considered detrimental to the maintenance and integrity of the channel. The following are
examples of circumstances where service roads parallel to the channel facility may be omitted:

0 Channels with a bottom width of 8 feet or less, with a maximum design flow depth of
2 feet.

0 Channels with a bottom width of more than 8 feet and a maximum design flow depth of
more than 2 feet may omit access roads parallel to the channel when suitable exit-entry
ramps are provided at street crossings and at other locations to facilitate travel of
maintenance vehicles in the channel bottom. At a minimum, one access ramp must be
provided at each end of the channel.
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In all cases, vehicular access to the channel facility must be provided at intervals of 1000 feet or
less, whenever practical. Access easements must be at least 12 feet wide, with a maximum grade
of fifteen percent (15%).

Access ramps shall slope down in the down-gradient direction whenever practicable. Access
ramps designed for personnel access shall have a maximum slope of 10 percent. When designed
to accommodate vehicular traffic, maintenance access ramps shall be designed to County of San
Diego private road standards.

5.3.9.2 Safety

Specific safety requirements shall be determined on a case-by-case basis in consultation with the
governing Agency. As a minimum, guardrails or other approved traffic barriers as described in
the San Diego County Traffic Manual shall be provided when a channel is located next to traffic.

Fencing or access barriers, as required by the governing Agency, is required for channels abutting
residential developments, schools, parks, and pedestrian walkways as follows:

0 Fencing is required for all concrete Concrete-lined or rip rapped channels where the
design frequency storm produces a velocity that exceeds 5 feet per second and 2 feet in
depth or a combination thereof for a factor of ten (10) within five feet of the water’s edge
during design flow conditions. This requirement does not apply to brow ditches.

0 Fencing or access barriers required for all unlined Alluvial-bed, grass-lined, and wetland-
bottom channels with sideslopes steeper than 4H:1V where the design frequency storm
produces a velocity that exceeds 5 feet per second and 2 feet in depth or a combination
thereof for a factor of ten (10) within five feet of the water’s edge during design flow
conditions.

Gates shall be provided for maintenance and emergency access at regular intervals, with 20-foot
wide gates placed 1,000 feet on center and 4-foot gates placed 500 feet on center or portion
thereof. Fencing or access barriers shall be located a minimum of 6 inches inside the easement
boundary lines unless otherwise approved.

5.3.10 Environmental Permitting

Open channel facilities are often located within or adjacent to sensitive environmental areas. The
design engineer must investigate which permits might be necessary from various Agencies,
including but not limited to: U.S. Army Corps of Engineers (e.g., Section 404 Wetland Permit),
U.S. Department of Fish and Wildlife, California Department of Fish and Game (e.g., Section
1600 Permit), California State Water Resource Control Board and Regional Water Quality
Control Board (e.g., Section 401 Water Quality Certification), and California Coastal
Commission. It is important that the final permits and/or permit conditions allow for the future
and perpetual maintenance of a channel facility without the necessity of returning to a permitting
Agency for regular maintenance activities.

5.3.11 Maintenance

Where failure of an open-channel facility might cause flooding of a public road or structure, the
facility shall have an operation and maintenance plan. These operation and maintenance plans
shall specify regular inspection and maintenance at specific time intervals (e.g., annually before
the wet season) and/or maintenance “indicators” when maintenance will be triggered (e.g.,
vegetation more than 6 inches in height). Operation and maintenance plans shall ensure that
vegetation is removed or maintained on a regular basis to maintain the function of the facility.
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Flood control channels require lifetime maintenance. The project owner and design engineer
shall consult the governing Agency for determination of which maintenance mechanism is
required for a particular project. At a minimum, privately owned and maintained open channel
facilities shall have a recorded easement agreement with a covenant binding on successors or
other mechanism acceptable to the governing Agency.

5.4 DESIGN CRITERIA - STABILIZATION OF EXISTING CHANNELS

Open channels are important drainage elements that contribute to the image and livability in an
urban environment. The areas around open channels may have multiple uses that integrate trails,
open space corridors, and wildlife habitat.

5.4.1 Existing Channels and Channel Stabilization

When designing a project that affects an existing drainage course, the design engineer shall
evaluate the potential project effects on velocity, flow variation, width, depth, change in slope,
scour, deposition, vegetation growth, effects to tributary streams, and other effects due to
permanent structures within the channel (e.g., bridge piers) or other project conditions (e.g.,
changes to peak discharge). The project design shall evaluate the long-term effects within the
project boundaries as well as upstream and downstream of the project, and channel alterations or
channel stabilization shall be incorporated into the project when deemed necessary. Engineering
judgment, the development process, and the guidelines of the governing Agency will determine
the requirements for the stabilization of drainage channels.

Natural channels shall remain in their natural state whenever practicable. New development shall
be set back from natural floodplains when practicable, and placed at least one foot above
100-year water surface elevations. . Because some natural channels tend to migrate horizontally,
the required setback distance shall be determined through appropriate hydraulic and scour
analyses that evaluate the stability, flow velocity, and materials of the subject drainageway. All
modifications within the 100-year floodplain shall be done in accordance with currently adopted
floodplain development and management regulations and guidelines of the governing Agency.

The design engineer shall identify the capacity of a natural drainageway relative to a 100-year
design event and delineate areas inundated by the 100-year design event, and assess the relative
channel stability in both plan and profile.

When the stability analysis demonstrates that either bank erosion outside of the designated flow
path (as defined by flowage easement and/or right-of-way), or that channel degradation is likely
to occur, then an analysis of the magnitude and extent of the erosion may be necessary. In such a
condition, the design engineer shall confer with the governing Agency to determine:

0 what additional analysis might be necessary (if any) to estimate the potential extent of
lateral and vertical channel movements;

O what is the potential risk to the proposed development from channel degradation and/or
bank failure;

O what solutions and/or remedies might be available to mitigate the potential risk due to the
channel instability.

5.4.2 Bank-Lined Channels

Bank-lined channels are a type of channel stabilization where the banks are lined but the channel
bottom remains in a natural state with minimal regrading. Figure 5-5 illustrates an example of a
bank-lined channel. Bank-lined channel designs attempt to minimize scour of the channel bottom
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at the bank lining interface as well as maintaining a stable natural channel. The bank lining shall
extend below calculated scour depths at the lining interface, and provide the minimum freeboard
as outlined in Section 5.3.7.

Figure 5-5  Example of Bank-Lined Channel
5.4.3 Bio-Engineered Channel Stabilization

Traditionally, the “hard lined” channel stabilization techniques (i.e., riprap, gabion, concrete, etc.)
have been used to stabilize erosion problem areas. Bioengineering is an applied science that
integrates structural, biological and ecological principles to construct living structures (plant
communities) for erosion, sediment, and flood control purposes. In many instances, “bio-
engineered” channel stabilization measures can be safely utilized in place of “hard lined”
measures, and these methods are encouraged whenever practical. Successful application of “bio-
engineered” stabilization measures depends upon accurate diagnosis of the causes of channel
stability problems, rather than just treating visible problem areas. Section 5.13 provides useful
resources on bioengineered solutions for natural channel stabilization.

5.5 DESIGN CRITERIA - GRASS-LINED CHANNELS

This Section presents minimum design criteria for grass-lined channels. The design engineer is
responsible for confirming that a channel design meets these criteria, the general open-channel
criteria outlined in Section 5.3, and any special considerations for a particular design situation.

5.5.1 Longitudinal Channel Slopes

Grass-lined channel slopes are dictated by maximum permissible velocity requirements. Where
the natural topography is steeper then desirable, drop structures may be utilized to maintain
design velocities. Grass-lined channels shall have a minimum longitudinal gradient of 0.5
percent whenever practical (see Section 5.3.4).

5.5.2 Roughness Coefficient

Appendix A (Table A-4) provides appropriate Manning roughness coefficients for grass-lined
channels. The Manning roughness coefficient used in evaluating channel capacity shall assume a
mature channel (i.e., substantial vegetation with minimal maintenance). For evaluating channel
slope and permissible velocity, the Manning roughness coefficient shall assume a freshly mowed
condition.
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5.5.3 Low Flow and Trickle Channels

Waterways that are normally dry prior to urbanization will often have a continuous flow after
urbanization because of lawn irrigation return flows, both overland and from ground water in-
flow. Since continuous flow over grass will destroy a grass stand and may cause the channel
profile to degrade, a trickle channel is required on all urban grass-lined channels. Usually,
concrete trickle channels are preferred because of their ease of maintenance. Other types of
trickle channels, such as rock-lined trickle channels, are acceptable if they are properly designed.
Trickle channels are not appropriate for grass-lined channels intended for water quality treatment.

Trickle channels may not be practical on larger streams and rivers, or in channels located on
sandy soils. In these cases, a low flow channel may be a more appropriate choice.

5.5.3.1 Trickle Channels

Trickle channels are recommended for grass-lined channels with a 100-year design flow less than
or equal to 200 cfs. The trickle channel capacity shall convey 5 percent of the 100-year design
flow rate or 5 cfs, whichever is greater. There is no freeboard requirement for trickle-channels.
The flow capacity of the main channel shall be determined without considering the flow capacity
of the trickle channel. Care shall be taken to ensure that low flows enter the trickle channel
without flow paralleling the trickle channel or bypassing the inlets.

Trickle channels are not typically required for swales and other grass-lined channels conveying a
100-year peak runoff of 20 cfs or less. For these smaller channels, the design engineer shall
evaluate the factors such as drainage slope, flow velocity, soil type, and upstream impervious
area, and specify a trickle channel when needed based on their engineering judgment.

Concrete Trickle Channel

Concrete trickle channels can help prevent erosion, silting, and excessive plant growth. Concrete
trickle channels are not appropriate for wetland-bottom channels (see Section 5.6) or swales
intended for water quality treatment. Figure 5-6 illustrates a typical concrete trickle channel. The
concrete trickle channel shall have a minimum depth of 6inches. A Manning roughness
coefficient value of n=0.015 will be used to design the concrete trickle channel. At a minimum,
concrete trickle channels shall be 6 inches thick with #4 reinforcement 12 inches on-center in

each direction.
\
|
¥e
!

Figure 5-6  Example of Concrete Trickle Channel
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Rock-Lined Trickle Channel

Rock-lined trickle channels shall have a minimum depth of 12 inches, with the Manning
roughness coefficient determined as described in Section 5.7.17. The minimum stone size for
rock-lined trickle channels shall be 6 inches.

5.5.3.2 Low Flow Channels

Low-flow channels are used to contain relatively frequent flows within a recognizable channel
section. Low-flow channels are recommended for channels with a 100-year flow greater than
200 cfs, and at a minimum have the capacity to convey the 2-year flow event with no freeboard.
The overall flow capacity of the channel shall include the capacity of the low flow channel.

Low-flow channels shall have a minimum depth of 12 inches. The side slopes of the low-flow
channel shall be 2.5H:1V to 3H:1V whenever practicable. The main channel depth limitations
(Section 5.5.5) do not apply to the low-flow channel area of the overall channel cross-section.

5.5.4 Bottom Width

The selection of the overall channel bottom width shall consider factors such as possible wetland
mitigation requirements, constructability, channel stability and maintenance, multi-use purpose,
and width of the low flow channel (if any).

5.5.5 Freeboard and Flow Depth

Swales and grass-lined channels conveying a 100-year flow less than or equal to 10 cfs shall have
a minimum freeboard of 6 inches. Grass-lined channels conveying larger discharges shall meet
the minimum freeboard requirements outlined in Section 5.3.7.

The recommended design depth of flow for a grass-lined channel (outside the low flow channel
area) is 5.0 feet for a 100-year flow of 1,500 cfs or less whenever practical. Excessive depths
shall also be avoided in channels with greater design flows to the maximum extent practicable.
Section 5.3.9 discusses access and safety for open channels, including thresholds for flow depth
and velocity.

5.5.6 Side Slopes
Side slopes of a grass-lined channel shall be not be steeper than 3H:1V.
5.5.7 Grass Lining

Satisfactory performance of a grass-lined channel depends on constructing the channel with the
proper shape and preparing the area in a manner to provide conditions favorable to vegetative
growth. Between the time of seeding and the actual establishment of the grass, the channel is
unprotected and subject to considerable damage unless interim erosion protection is provided.
Jute, plastic, paper mesh, hay mulch may be used to protect the waterway until the vegetation
becomes established.

The grass lining for channels may be seeded or sodded with a grass species that is adapted to the
local climate and will flourish with minimal irrigation. Channel vegetation is usually established
by seeding. In the more critical sections of some channels, it may be desirable to provide
immediate protection by transplanting a complete sod cover. All seeding, planting, and sodding
shall conform to local landscape recommendations.
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5.5.8 Horizontal Channel Alignment and Bend Protection

The potential for erosion increases along the outside bank of a channel bend due to the
acceleration of flow velocities on the outside part of the bend. Thus, it is often necessary to
provide erosion protection in natural or grass-lined channels that otherwise would not need
protection.

The minimum radius for channels with a 100-year runoff of 20 cfs or less shall be 25 feet. For
channels carrying larger flows, horizontal channels alignment shall be limited based on the
presence of erosion protection.

No channel bend protection is required along bends where the radius is greater than two times the
top width of the 100-year water surface or the channel is constructed in erosion-resistant soils.
Channels without bend protection are not allowed to have a curvature with a radius of less than
two times the 100-year flow top width or less than 100 feet, whichever is greater.

Channels bends built in areas with erosive soil conditions shall always have erosion protection.
When erosion protection is provided, channels are allowed to have minimum radius equivalent to
1.2 times the 100-year flow top width, but in no case shall the radius of curvature be less than
50 feet.

Erosion protection shall extend downstream from the end of the bend a distance that is equal to
the length of the bend measured along the channel centerline.

5.5.9 Maintenance

Grass-lined channels shall be maintained to ensure that vegetation is removed or maintained on a
regular basis to maintain the function of the facility. The project owner shall ensure that
appropriate mechanism is in place to provide maintenance for the lifetime of the facility.

5.6 DESIGN CRITERIA - WETLAND BOTTOM CHANNEL

This Section presents minimum design criteria for wetland-bottom channels. The design engineer
is responsible for confirming that a channel design meets these criteria, the general open-channel
criteria outlined in Section 5.3, and any special considerations for a particular design situation.

When designing a wetland-bottom channel, the design engineer must consider both the interim
(“new channel”) condition and ultimate (“mature channel”) condition. For the interim condition,
the channel shall maintain non-erosive velocities under the design flow (Section 5.6.1). The
design engineer shall evaluate the channel conveyance capacity under ultimate conditions
(Section 5.6.2).

5.6.1 Longitudinal Channel Slope

The design engineer shall establish a longitudinal channel slope that maintains non-erosive
velocities during the interim condition (a.k.a. the “new channel” condition), assuming minimal or
immature wetland vegetation in the channel bottom. Table 5-13 (page 5-43) provides guidelines
for maximum permissible velocity. Wetland- bottom channels shall maintain a minimum
longitudinal slope of 0.5 percent whenever practicable (see Section 5.3.4).

The design engineer may increase the maximum permissible velocity when temporary erosion
control measures are properly installed and maintained during the interim condition. The design
engineer may also employ temporary grade control structures to reduce the effective slope of the
channel during the interim condition. The Froude Number for wetland-bottom portions of a
channel during the interim condition shall not exceed FR=0.7. Where topography is steeper than
desirable, permanent drop structures may be used to maintain design velocities.

San Diego County Drainage Design Manual Page 5-14
July 2005



Chapter 5. Open Channels

5.6.2 Roughness Coefficients

Appendix A (Table A-5) provides recommended values for the Manning roughness coefficient
for various channel types and overbank conditions. As discussed in Section 5.6.1, a Manning
roughness coefficient assuming new channel condition shall be used to determine the longitudinal
channel slope. A Manning roughness coefficient representing full vegetated growth on the
channel bottom (a.k.a. the “mature channel” condition) shall be used to determine channel
capacity and evaluate freeboard requirements. Unless other information justifies a different
roughness value, the design engineer shall assume a mature channel roughness of #=0.150
(typical of dense riparian vegetation).

5.6.3 Low-Flow and Trickle Channels

Concrete trickle channels are not permitted in wetland bottom channels. Low-flow channels may
be used when the 100-year flow exceeds 1,000 cfs. Low-flow channel design shall be as
discussed in Section 5.5.3.2.

5.6.4 Bottom Width

The selection of the over-all channel bottom width shall consider factors such as ultimate
conveyance requirements, constructability, channel stability, and maintenance.

5.6.5 Freeboard and Flow Depth

Wetland-bottom channels shall meet the minimum freeboard requirements outlined in
Section 5.3.7. Whenever practicable, excessive depths and velocities shall be avoided for public
safety considerations (see Section 5.3.9).

5.6.6 Side Slopes

Side slopes of wetland-bottom channels shall not be steeper than 3H:1V whenever practical.
When the side slopes of a wetland-bottom channel are grass-lined, refer to the guidelines
provided in Section 5.5.

5.6.7 Horizontal Channel Alignment and Bend Protection
Channel bends shall be designed according to the criteria provided in Section 5.5.8.
5.6.8 Maintenance

Wetland-bottom channels require a maintenance and operation plan, along with appropriate
casements and mechanisms for assuring the perpetual maintenance of the facility. The project
owner shall ensure that appropriate mechanism is in place to provide maintenance for the lifetime
of the facility.

5.7 DESIGN CRITERIA - RIPRAP-LINED CHANNELS

This Section presents minimum design criteria for rock riprap-lined channels. Riprapped
transitions and bends in otherwise non-riprap channels are also considered riprap-lined channels,
and shall be designed in accordance with the design standards outlined in this Section. The
design engineer is responsible for confirming that a channel design meets these criteria, the
general open-channel criteria outlined in Section 5.3, and any special considerations for a
particular design situation.
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5.7.1 Longitudinal Channel Slope

The longitudinal slope of riprap-lined channels shall be dictated by maximum permissible
velocity requirements. Table 5-2 summarizes the maximum permissible velocity for standard
riprap gradations. Where topography is steeper than desirable, drop structures may be used to
maintain design velocities (see Section 5.12).

Table 5-2 Channel Bottom Riprap Protection

Design Velocity Rock Gradation
(ft/s)
6-10 No. 2 Backing
10-12 Ya ton
12-14 Y2 ton
14-16 1 ton
16-18 2 ton
>18 Special Design

5.7.2 Roughness Coefficients

The Manning roughness coefficient (n) for hydraulic computations shall be estimated for loose
rock riprap using the Manning-Strickler equation (Equation 5-5). Equation 5-5 (Chang, 1992)
does not apply to grouted rock riprap or to very shallow flow.  Table 5-3 provides Manning
roughness coefficients for standard rock riprap classifications based on the Manning-Strickler
method.

n=0.0395d.° (5-5)
where ...
n = Manning roughness coefficient (dimensionless); and
dsy = median stone diameter (feet).

Table 5-3 Standard Rock Riprap Gradations

Rock Gradation * Median Stone Weight Median Stone Manning n
(Wso) © Diameter (ds,) ° (Ungrouted) °©
No. 3 Backing 51b 0.4 ft 0.034
No. 2 Backing 251b 0.7 ft 0.037
No. 1 Backing ° 751b 1.0 ft 0.039
Light 200 Ib 1.3 ft 0.041
Y2 Ton 500 Ib 1.8 ft 0.044
%2 Ton 1000 Ib 2.3 ft 0.045
1 Ton 2000 Ib 2.9 ft 0.047
2 Ton 4000 Ib 3.6 ft 0.049

(a) Except for 2 ton rock, classification is based upon Caltrans Method B Placement, which allows dumping of the rock
and spreading by mechanical equipment. Local surface irregularities shall not vary from the planned grade by more than
1 foot, measured perpendicular to the slope. Two-ton rock requires special placement, see Caltrans (2002) or Greenbook
for more information. (b) No. 1 Backing has same gradation as Facing Riprap. (c) per Caltrans (2002). (d) Assumes
specific weight of 165 Ib/ft3. The designer shall take care to apply a unit weight that is applicable to the type of riprap
specified for the project, and adjust their calculations when necessary. (e) Based on Manning-Strickler relationship
(Chang, 1988).
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Where hydraulic radius is less than or equal to two times the maximum rock size, the roughness
coefficient will be greater than indicated by Equation 5-5. In these cases, the design engineer
shall use the method outlined in Section 5.7.17 to calculate the roughness of the channel.
Appendix A (Table A-3) provides recommended Manning roughness coefficient (n) for grouted
riprap applications.

5.7.3 Low Flow and Trickle Channels

Riprap-lined channels conveying a 100-year peak runoff of 20 cfs or less do not require trickle
channels. The design engineer shall evaluate the factors such as drainage slope, flow velocity, soil
type, and upstream impervious area, and specify a trickle channel when needed based on their
engineering judgment. Low-flow channels shall be designed in accordance with Section 5.5.3.2.

5.7.4 Bottom Width

The selection of the over-all channel bottom width shall consider factors such as ultimate
conveyance requirements, constructability, channel stability, and maintenance.

5.7.5 Freeboard and Flow Depth

Riprap-lined channels shall meet the minimum freeboard requirements outlined in Section 5.3.7.
Excessive depths and high velocities shall be avoided whenever practicable to maintain public
safety. Section 5.3.9 discusses access and safety for open channels, including thresholds for flow
depth and velocity.

5.7.6 Side Slopes

The side slopes of riprap-lined channel shall not ordinarily be steeper than 2H:1V, except in cases
where an embankment stability analysis can justify a steeper sideslope. The stability analysis
should be completed in consultation with a soils engineer, and consider such factors such as: soil
characteristics; groundwater and river conditions; special construction methods and designs (e.g.,
hand-placed stone keyed well into the bank); shear forces of flow; angle of repose of the riprap;
rapid water-level recession.

5.7.7 Horizontal Channel Alignment

Horizontal channel alignment shall be carefully coordinated with the riprap size and configuration
(i.e., fully lined or bank-lined) and checked to ensure adequate erosion protection at the toe of the
channel bank to account for variations in flow velocity through curves.

5.7.8 Rock Riprap Material

Rock used for riprap shall be hard, durable, angular in shape, and free from cracks, overburden,
shale and organic matter. Neither the breadth nor thickness of a single stone shall be less than
one-third of its length; rounded stone shall be avoided. Rock having a minimum specific gravity
of 2.65 is preferred. Construction debris (e.g., broken concrete or asphalt) is typically not
appropriate for use as riprap. Table 5-4 summarizes common rock riprap gradations from
Caltrans and the APWA Southern California Greenbook. Section 200 of the Greenbook and
Section 72 of the Caltrans Standard Specification provide more detailed specifications for rock
riprap material.

5.7.9 Rock Riprap Stone Weight and Gradation

This section discusses the selection of rock riprap gradation for open channels with non-turbulent
flow (e.g., not immediately downstream of stilling basins) and with longitudinal slopes of less
than 2 percent. Section 5.7.17 provides guidance for riprap design for steep channels.
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Table 5-4 Standard Riprap Gradations
Riprap Gradation
v?,:’;‘ﬁt 2Ton  1Ton %Ton %Ton® 375Ib° Light® :";'nL od B;‘;dzng B;‘ckf;‘ o
4 ton 0-5
2Ton 50-100 0-5
1Ton  95.100  50-100 0-5
1000 Ib -- 50-100 0-5
700 Ib 0-10
500 Ib 95-100 - 50-100 10-50 0-5
200 Ib 95-100 - 85-100  50-100 0-5
751b 90-100 95-100 - 50-100 0-5
251b 95-100 90-100  90-100  25-75 0-5
51b 95-100 - 90-100  25-75
2.21b 95-100
11b 90-100

(a) Except for 2-ton rock, classification is based upon Caltrans Method B Placement, which allows dumping of the rock
and spreading by mechanical equipment. Two-ton rock requires special placement, see Caltrans (2002) or APWA
Southern California Greenbook for more information. (c) 375-Ib Class Rock is from APWA Southern California
Greenbook. (d) No. 1 Backing has same gradation as Facing Riprap.

5.7.9.1 Rock Gradation

Caltrans has developed several standard rock gradations for riprap slope protection of stream
banks and shores. Table 5-4 summarizes common rock riprap gradations from Caltrans and the
APWA Southern California Greenbook. Other standard riprap specifications, such as from the
Federal Highways Administration (FHWA) or Corps of Engineers, are also acceptable for facility
design in the County of San Diego when appropriately applied.

5.7.9.2 Minimum Stone Weight

Riprap channel design involves an iterative process between calculated roughness, stone stability,
and channel geometry to achieve an economical and practical combination of channel factors and
stone gradation. The design criteria outlined here and in following sections reference general
APWA Southern California Greenbook and Caltrans standards. Other riprap-lined channel
design methods such as the Corps of Engineers (EM 1110-2-1601) are also acceptable for facility
design in the County of San Diego when appropriately applied.

For riprap installed on a channel bottom, rock gradation shall be based upon channel velocity as
described in Table 5-2.

Caltrans’ Highway Design Manual (Section 870) presents a simplified method for determining
the minimum rock weight for the top (outside) layer of riprap bank protection. Equation 5-6
provides the minimum stone weight that will resist the forces of flowing water and remain stable
on the slope of a river bank. The rock riprap shall extend up the side slopes to an elevation of the
design water surface plus the calculated freeboard and superelevation. Figure 5-14 presents a
nomograph for selection of minimum stone weight based on Equation 5-6.

~0.00002V,°SG
™t (SG-1)*sin’(b -a)

(5-6)
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where ...

Wy = theoretical minimum rock weight (I1bs);

V4 = bank velocity (ft/s), V,=KVy;

Vi = mean channel velocity (ft/s);

K = coefficient (K=0.67 for parallel flow; K=1.33 for impinging flow);
SG = specific gravity of rock riprap (no dimension);

b = 70 degrees (characteristic of randomly placed rubble); and

a = outside slope face angle with horizontal.

Plan View Profile View
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Figure 5-7  Definition Sketch for Riprap Bank Protection Sizing
5.7.10 Riprap Thickness

Riprap layers must be thick enough to ensure mutual support and interlock between individual
stones in each layer. The minimum riprap shall not be less than the diameter of the largest stone
(djg9) or less than 1.5 times the median stone diameter (1.5ds5)). Table 5-5 summarizes the
recommended minimum layer thickness for standard Caltrans gradations. When riprap is placed
underwater, the riprap thickness shall be increased by at least 50 percent. The total thickness of a
riprap installation is the sum of individual layer thicknesses (see Section 5.7.11).

5.7.11 Bedding Requirements

The long-term stability of riprap erosion protection is strongly influenced by proper bedding
conditions. Properly designed bedding provides a buffer of intermediate-sized material between
the channel bed and the riprap to prevent movement of soil particles through the voids in the
riprap. Three types of bedding are in common use: generic single-layer granular bedding,
multiple-layer granular bedding, and filter fabric.

Standard riprap installations include an outside layer, one or more inner layers, a backing layer,
and filter fabric. Section 5.7.9 describes the determination of gradation of the outside rock layer.
The composition of the inner layer(s), backing layer, and filter fabric are design to be
progressively smaller to prevent migration of material through voids of the layers. Table 5-6
summarizes the appropriate layers for standard riprap installations. Alternate designs for riprap
bedding are acceptable when accompanied by appropriate design calculations.
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Table 5-5 Minimum Riprap Layer Thickness

Placement Method A

Rock Gradation Minimum Layer Thickness (ft)
8 ton 8.50
4 ton 6.80
2 ton 5.40
1 ton 4.30
V2 ton 3.40

Placement Method B

Rock Gradation Minimum Layer Thickness (ft)
1 ton 5.40
Y2 ton 4.30
Ya ton 3.30
Light 2.50
Facing 1.80
Backing No. 1 1.80
Backing No. 2 1.25
Backing No. 3 0.75

Minimum layer thickness for Placement Method A is 1.50ds, and 1.875ds, for Placement Method B.
These thickness calculations assume a specific weight of 165 Ib/fe. The designer shall take care to
apply a unit weight that is applicable to the type of riprap specified for the project, and adjust their
calculations when necessary.

Filter fabric can provide adequate bedding for channel linings along uniform mild sloping
channels where leaching forces are primarily perpendicular to the fabric. The design engineer
shall use care in specifying using filter fabrics, and shall note appropriate construction methods
on their plans and specifications. Some of the design considerations and limitations of filter
fabric include:

a Filter fabric shall only replace the bottom layer in a multi-layer granular bedding design.

O Due care shall be exercised during construction. Construction specifications shall prohibit
direct dumping of riprap rock on the filter fabric, and granular bedding shall be placed on
top of the filter fabric as a cushion whenever practicable.

O Due care shall be exercised when specifying filter fabric where seepage forces may run
parallel with the fabric and cause piping along the bottom surface. In such situations, the
fabric shall be folded vertically downward (similar to a cutoff wall) at regular intervals
along the installation, particularly at the entrance and exit of the channel reach.

O Filter fabric shall be overlapped a minimum of 12 inches at roll edges with upstream
fabric being placed on top of downstream fabric at the lap.

5.7.12 Toe Protection

Where only the channel sides are to be lined, additional riprap is needed to provide for long-term
stability of the lining. In all cases, the toe of the riprap blanket shall extend a minimum of 3 feet
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Table 5-6 California Layered Rock Slope Protection

Outside Layer Inner Layer Backing Fabric
8 ton 2 ton over % ton 1 B
8 ton 1 ton over V4 ton 1or2 B
4 ton Y2 ton 1 B
4 ton 1 ton over V4 ton 1or2 B
2 ton Y2 ton 1 B
2 ton Y4 ton 1or2 B
1 ton LIGHT NONE B
1 ton Y4 ton 1or2 B
Y2 ton NONE 1or2 B
Y4 ton NONE 1or2 A
Light NONE NONE A

Facing (Backing) NONE NONE A

Minimum permittivity for all filter fabrics is of 0.5 s”; see Caltrans Standard Specifications for exact
definitions of Type A and Type B filter fabrics.

below the proposed channel bed, and the thickness of the blanket below the proposed channel bed
shall be increased to a minimum of three times the median stone size (3ds,). If the velocity in the
channel exceeds the permissible velocity requirements of the soil comprising the channel bottom,
a scour analysis shall be performed to determine if the toe requires additional protection. Riprap
toe protection shall extend an additional 3 feet or two times median stone size (2ds5y) below the
calculated scour depth, whichever is deeper.

Total scour depth is comprised of three components: (1) long-term aggradation and degradation
of the river bed; (2) general scour due to contractions or other general scour phenomenon; and (3)
local scour at a structure. An extensive discussion of geomorphic analysis procedures is beyond
the scope of this Manual. Equation 5-7 (HEC-11, 2001) may be used to estimate the probable
maximum depth of scour in straight channels, and channels having mild bends. Because the low
point in the cross section may eventually move adjacent to the riprap (even if this is not the case
in the existing condition), the scour depth (ds) shall be measured from the lowest elevation in the
cross section.

12 dy, <0.005 ft
5= 0.1 (3-7)
6.5d,, ds, > 0.005 ft
where ...
ds = estimated probable maximum depth of scour (ft); and
dspy = median diameter of bed material (ft)

The depth of scour predicted by Equation 5-7 must be added to the magnitude of predicted
degradation and local scour (if any) to arrive at the total required toe depth.

5.7.13 Channel Bend Protection

Riprap size shall be increased by one gradation through bends, unless calculations can
demonstrate the stability of the straight-channel riprap gradation through the bend. For channels
conveying 200 cfs or more, the minimum radius for a riprap-lined bend shall be 1.2 times the top
width of design flow, and in no case be less than 50 feet. Riprap protection shall extend
downstream from the end of the bend a distance that is equal to the length of the bend measured
along the channel centerline.
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5.7.14 Transition Protection

Turbulent eddies near rapid changes in channel geometry (e.g., transitions and bridges) amplify
scour potential. At these locations, the riprap lining thickness shall be increased by one
gradation, unless calculations can demonstrate stability of the smaller gradation through the
transition section. Protection shall extend upstream from the transition entrance at least 5 feet and
extend downstream from the transition exit at least 10 feet. Section 5.10 contains further
discussion of transitions.

5.7.15 End Treatment and Special Conditions

Upstream and downstream ends of riprap-lined channels require particular attention from the
design engineer. The end treatment can be accomplished by constructing a concrete cut-off wall,
a riprap-filled trench, or thickening the riprap layer for a sufficient distance upstream and/or
downstream. The Corps of Engineers’ Design of Flood Control Channels (EM-1110-2-1603)
provides specific guidance on end treatments for riprap channels. When failure of the riprap
lining could seriously affect the health and safety of the public, the design engineer may consider
constructing intermediate transverse cutoff walls at regular intervals to help preserve the integrity
of the riprap channel lining.

5.7.16 Concrete-Grouted Riprap

Concrete-grouted riprap may be used when the calculated size of loose riprap is unreasonable or
the installation of loose riprap is impractical. Grouted riprap requires less routine maintenance by
reducing silt and trash accumulation and is particularly useful for lining low-flow channels and
steep banks. Exposing the tops of individual stones and by cleaning excess grout from the
projecting rock with a wet broom prior to curing provides the appropriate channel roughness.

Table 5-7 Concrete-Grouted Riprap Gradations

Rock Mass Percentage Larger Than
Class

2 ton Ya ton Light Facing Cobble
1 Ton 0-5 - - - -
Y2 Ton (1000 Ib) 50-100 0-5 - - -
Y2 Ton (500 Ib) - 50-100 0-5 - -
200 Ib 90-100 - 50-100 0-5 -
751b - 90-100 90-100 50-100 0-5
251b - - - 90-100 95-100
Minimum Grout Penetration (inches) 18 14 10 8 6

The rock used for concrete-grouted riprap is slightly different from the standard gradation of rock
riprap in that the smaller rock is reduced to allow greater penectration by the grout. Table 5-7
summarizes Caltrans rock riprap specifications for grouted applications. Grouting of rock
gradations larger than 1 ton is typically not recommended.

Proper composition and placement of grouting is vital to the performance of the lining. Concrete
used for rock grout shall meet all standards and shall be installed in accordance with procedures
outlined in Greenbook Section 300-11 or Caltrans Standard Specifications Section 72-5. Table
5-7 provides the minimum penetration of concrete grout into the riprap matrix.
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5.7.17 Riprap on Steep Longitudinal Slopes

The Federal Highway Administration (FHWA HEC-15, 1988) provides a graphically-based
method to design rock riprap-lined channels on steep slopes (i.e., those designed for supercritical
flow). This procedure shall also be used for rock riprap lined channels whose depth of flow is
equal to or less than ds.

5.7.17.1 Rock Size

Figure 5-12 (page 5-45) provides design curves that simplify riprap design for steep channels by
median riprap size (dsy) for a given flow, channel slope, and channel width. The design curves
were developed for channels with 3H:1V side slopes and bottom widths of 0 feet, 2 feet, 4 feet,
6 feet, and 8 feet. When the channel slope is not provided by one of the design curves, linear
interpolation is used to determine the riprap size. This is done by extending a horizontal line at
the given flow through the curves with slopes bracketing the design slope. A curve at the design
slope is then estimated by visual interpolation. The design median stone size (ds) is chosen at the
point that the flow intercepts the estimated design curve. Linear interpolation can also be used to
estimate the ds, size for bottom widths other than those supplied in the figures. For practical
engineering purposes, the dso size specified for the design shall be translated into standard riprap
gradation.

5.7.17.2 Riprap Thickness for Steep Longitudinal Slopes

For riprap linings on steep slopes, the topmost riprap layer shall have a thickness of at least 1.25
times the median rock size (1.25ds59). The maximum resistance to the erosive forces of flowing
water occurs when all rock is contained within the riprap layer thickness. Oversize rocks that
protrude above the riprap layer reduce channel capacity and reduce riprap stability.

5.7.17.3 Riprap Placement on Steep Slopes

On steep slopes, riprap shall be placed using Caltrans Placement Method A; it shall never be
placed by dropping it down the slope in a chute or pushing it down with a bulldozer.

5.7.17.4 Bedding Requirements on Steep Slopes

Either a granular bedding material or filter fabric may be used on steep slopes. Section 5.7.11
discusses bedding requirements.

5.8 DESIGN CRITERIA — CONCRETE-LINED CHANNELS

This Section presents minimum design criteria for concrete-lined channels. The design engineer
is responsible for confirming that a channel design meets these criteria, the general open-channel
criteria outlined in Section 5.3, and any special considerations for a particular design situation.

5.8.1 Longitudinal Channel Slope

Concrete-lined channels have the ability to accommodate supercritical flow conditions and thus
can be constructed to almost any naturally occurring slope.

5.8.2 Roughness Coefficients

Appendix A (Table A-3 and Table A-5) provides Manning roughness coefficient for concrete-
lined channels.
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5.8.3 Channel Bottom Cross-Slope

The bottom of the concrete channel shall be constructed with a defined low flow channel or shall
be adequately sloped to confine the low flows to the middle or one side of the channel cross-
section as described in San Diego Regional Standard Drawings D-70 and D-71.

5.8.4 Bottom Width
There are no bottom width requirements for concrete-lined channels.
5.8.5 Freeboard

Concrete-lined channels conveying a 100-year flow less than or equal to 10 cfs shall have a
minimum freeboard of 6 inches. Concrete-lined channels conveying more than 10 cfs shall meet
the minimum freeboard requirements outlined in Section 5.3.7. There are no flow depth
requirements for concrete-lined channels.

5.8.6 Concrete Lining Section
5.8.6.1 Thickness

In cases where a concrete channel is expected to carry a large amount of debris or abrasive
sediment material at high velocities, it shall have a thickened lining section or other measures to
provide sufficient design life for the facility. Concrete lining shall have a minimum thickness of
6 inches for flow velocities less than 30 fps and a minimum thickness of 8 inches for flow
velocities of 30 fps and greater.

5.8.6.2 Concrete Detailing

Concrete channels shall be appropriately reinforced and jointed per Regional Standard Drawing
No. D-70 or D-71 and SDD-100.

5.8.7 Safety

Concrete-lined channels shall provide appropriate safety measures as described in Section 5.3.9
of this Manual and San Diego Regional Standard Drawings No. D-70 or D-71 and SDD-100 to
the satisfaction of the governing Agency.

5.8.8 Special Consideration for Supercritical Flow

The design engineer shall give special consideration to supercritical flow and its potential effects
when designing, specifying, and inspecting concrete channels. Care shall take taken to prevent
excessive waves that may extend down the entire length of the channel (see Section 5.10.4.3).
The design engineer shall consider the possibility of hydraulic jumps forming in the channel.

5.9 DESIGN CRITERIA — OTHER CHANNEL LININGS

Other channel linings include all channel linings that are not discussed in the previous sections.
These include composite-lined channels, where two or more different lining materials are used.
They also include gabions, soil cement linings, synthetic fabric and geotextile linings, preformed
block linings, reinforced soil linings, and floodwalls (vertical walls constructed on both sides of
an existing floodplain). The wide range of composite combinations and other lining types does
not allow a discussion of all potential linings in this Manual. For those linings not discussed in
this Manual, supporting documentation will be required to support the use of the desired lining.
Some of the items that should be addressed include:

O Structural integrity of the proposed lining.
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Interfacing between different linings.

The maximum velocity under which the lining will remain stable.
Potential erosion and scour problems.

Access for operations and maintenance.

Long term durability of the product.

Ease of repair of damaged section.

Past case history (if available) of the lining system in similar applications.

O 0 0 0O 0O 0 0 O

Potential groundwater mitigation issues (i.e. weepholes, underdrains, etc.)

These linings will be allowed on a case-by-case basis. The governing Agency may reject the
proposed lining system in the interests of operation, maintenance, and protecting the public
safety.

5.10 DESIGN PROCEDURES — GENERAL OPEN-CHANNEL FLOW

An open channel is a conduit in which water flows with a free surface (non-pressurized flow).
The hydraulics of an open channel can encompass many different flow conditions from steady
state, uniform flow to unsteady, rapidly varying flow. The calculations for uniform and gradually
varying flow are relatively straightforward and are based upon similar assumptions (i.e., parallel
streamlines). In contrast, rapidly varying flow computations (e.g., hydraulic jumps and flow over
spillways) can be very complex, and the solutions are generally empirical in nature. This Section
presents the basic equations and computational procedures for uniform, gradually varying and
rapidly varying flow.

5.10.1 Uniform Flow Computation

Open-channel flow is uniform if the depth of flow is the same at every section of the channel. For
a given channel geometry, roughness, discharge and slope, there is only one possible depth for
maintaining uniform flow. This depth is referred to as the “normal depth.” For uniform flow
within a prismatic channel (i.e., uniform cross section), the water surface will be parallel to the
channel bottom. While uniform flow rarely occurs in nature and is difficult to achieve in a
laboratory, a uniform-flow approximation is generally adequate for planning and design purposes.

The computation of uniform flow and normal depth shall be based upon the Manning or Uniform
Flow Equation:

0=12 pipr s =1 ypiys (5-8)
n n

where ...

= flow rate (ft'/s);

Manning roughness coefficient;
area (ft%);

wetted perimeter (ft);

hydraulic radius, R = A/P (ft); and
= slope of the energy grade line (ft/ft).

oA IQ
Il

For prismatic channels, the energy grade line (EGL), hydraulic grade line (HGL), and the bottom
can be assumed parallel for uniform, normal depth flow conditions.
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The variables dependant on channel cross-section geometry (i.c., area and hydraulic radius) can
be lumped together as the conveyance (K) of the channel. This simplifies the Uniform Flow
Equation to the following expression:

0=KS (5-9)

Figure 5-16 (page 5-50) presents equations for calculating many of the parameters required for
hydraulic analysis of different channel sections.

Appendix A provides a list of Manning roughness coefficient values for many types of conditions
that may occur in the San Diego Region. The Uniform Flow Equation and its constituent
parameters are readily computed using hand-held calculators and personal computers.

5.10.1.1 Gradually Varying Flow

The most common occurrence of gradually varying flow in storm drainage is the backwater
created by culverts, storm drain inlets, or channel constrictions. For these conditions, the flow
depth will be greater than normal depth in the channel, and the water surface profile (a.k.a.
“backwater curve”) is computed using either the direct-step or standard step method. Many
computer programs are available for the calculation of gradually-varied flow. The most general
and widely used programs are the U.S. Army Corps of Engineers’ HEC-2 Water Surface Profiles
and HEC-RAS River Analysis System and the Los Angeles County Flood Control District’s Water
Surface Pressure Gradient (WSPG). The design engineer may use these programs or proprietary
computer software to compute water surface profiles for channel and floodplain analyses.

Direct-Step Method

The Direct-Step Method is best suited to the analysis of open prismatic channels. Water surface
profiles in simple prismatic channels can be computed manually. Chow (1959) presents the basic
method for applying the direct-step analysis. The Direct-Step Method is also available in many
hand-held and personal computer programs.

Standard-Step Method

The Standard-Step Method is required for the analysis of irregular or non-uniform cross-sections.
Because the Standard Step Method involves a more tedious iterative process, this Manual
recommends that design engineers use computer programs such as HEC-RAS to accomplish these
calculations.

5.10.1.2 Rapidly Varying Flow

Rapidly varying flow is characterized by very pronounced curvature of the water surface profile.
The change in water surface profile may become so abrupt to result in a state of high turbulence.
Calculation methods for gradually-varying flow (e.g., direct-step and standard-step methods) do
not apply for rapidly-varying flow. There are mathematical solutions to some specific cases of
rapidly varying flow, but the solutions to most rapidly varying flow problems rely on empirical
data.

The most common occurrence of rapidly varying flow in storm drainage applications involves
weirs, orifices, hydraulic jumps, non-prismatic channel sections (transitions, culverts and
bridges), and non-linear channel alignments (bends). Each of these flow conditions require
detailed calculations to properly identify the flow capacities and depths of flow in the given
section. The design engineer must be cognizant of the design requirements for rapidly varying
flow conditions and shall include all necessary calculations as part of the design submittal

San Diego County Drainage Design Manual Page 5-26
July 2005



Chapter 5. Open Channels

<
— =
o -
";:'lz %
_a v q) - y}
.8 ; =
= | Energy line 1 -
S5 . g
© c TYQ ________ P?_I‘ :I- _-Tq E:p_m
20 o ELERR 50y En NN W] L o Ty
2| ) P |
L | ] |'
Q
= 6= lP.'
i L i — e e e
i | 'I 2)
Eal op IEq g W)
IAE
Critical {nitial
depth depth
Specific-energy curve Hydroulic jump Specific-force curve

Chow (1959)
Figure 5-8  Specific Energy Curve

documents. This Manual refers the design engineer to the hydraulic references in Section 5.13 for
the proper calculation methods to use in the design of drainage facilities with rapidly varying
flow conditions.

5.10.2 Design Procedure — Critical Flow

The critical state of uniform flow through a channel is characterized by several important
conditions regarding the relationship between the flow, specific energy, and slope of a particular
hydraulic cross-section (Figure 5-8). Critical state is characterized by the following conditions:

1. The specific energy (E=y+v*/2g) is a minimum for a given discharge (Q).

2. The discharge (Q) is a maximum for a given specific energy (E).

3. The specific force is a minimum for a given discharge (Q).

4. The velocity head (v'/2g) is equal to half the hydraulic depth (D/2) in a channel of small
slope.

5. The Froude Number is equal to FR=1.0.

Typically, channels should not be designed to flow at or near critical state (0.80<FR<1.20, see
Section 5.3.6). If the critical state of uniform flow exists throughout an entire reach, the channel
flow is critical and the channel slope is at critical slope (S.). A slope less than S, will cause
subcritical flow. A slope greater than S, will cause supercritical flow.

The criteria of minimum specific energy for critical flow results in the definition of the Froude
Number (FR) as follows:

v

FR = (5-10)
\ gD
where ...
FR = Froude Number (dimensionless);
v = velocity (ft/s);
g = gravitational acceleration (ft/s’);
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A = channel flow area (ft));
D = hydraulic depth, D=A/T (ft); and
T = top width of flow area (ft).

The critical depth in a given trapezoidal channel section with a known flow rate can be
determined using the following method:

Step 1. Compute the section factor for critical flow computation (Z).

WD=-< (5-11)

Iz

Zc

where ...

= section factor for critical flow computation;
= channel flow area (ft));

= hydraulic depth, D=A/T (ft),

= top width of flow area (ft).

= flow rate (ft'/s); and

= gravitational acceleration (32.2 ft/s%)

IO ~NTaN

Step 2. Determine the critical depth in the channel (d.) from Figure 5-18, using appropriate
values for the section factor for critical flow computation (Z¢), the channel bottom
width, (b), and the channel side slope (z).

For other prismatic channel shapes, Equation 5-11 determines the critical depth using
with the section factors provided in

5.10.3 Design Procedures — Subcritical Flow

All open channels shall be designed with the limits as stated in Section 5.3 through Section 5.9.
The following design procedures shall be used when the design runoff in the channel is flowing in
a subcritical condition (FR <1.0).

5.10.3.1 Transitions — Subcritical Flow

Subcritical transitions occur when transitioning one subcritical channel section to another
subcritical channel section (expansion or contraction), or when a subcritical channel section is
steepened to create a super critical flow condition downstream (e.g., a sloping spillway entrance).
Figure 5-13 (page 5-47) presents several typical subcritical transition sections. The warped
transition section, although most efficient, should only be used in extreme cases where minimum
loss of energy is required since the section is very difficult and costly to construct. Conversely,
the square-ended transition should only be used when either a straight-line transition or a
cylinder-quadrant transition cannot be used due to topographic constraints or utility conflicts.

Subcritical Transitions — Contractions

The energy loss created by a contracting section may be calculated using the following equation:

V 2 VZ
H.= Ktc(_z-_l (5'12)
2g 2g
where ...
H, = energy loss (ft);
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K,, = contraction transition coefficient;

v; = upstream velocity (ft/s);

v; = downstream velocity (ft/s); and

g = gravitational acceleration (32.2 ft/s?).

Figure 5-13 (page 5-47) presents contraction loss coefficient (K,.) values for the typical open-
channel transition sections.

Subcritical Transitions— Expansions

The energy loss created by an expanding transition section may be calculated using the following
equation:

2 2
Vi ﬁ] (5-13)

H:= K

t i ( 2g 2g
Figure 5-13 (page 5-47) presents expansion loss coefficients (K,) values for typical open-channel
transition sections.

Subcritical Transition Length

The length of the transition section shall be long enough to keep the streamlines smooth and
nearly parallel throughout the expanding (contracting) section. Experimental data and
performance of existing structures have been used to estimate the minimum transition length
necessary to maintain the stated flow conditions. Based on this information, the minimum length
of the transition section shall be as follows:

where ...
L, = minimum transition length (feet);
L. = length coefficient (dimensionless); and
DI, = difference in the top width of the normal water surface upstream and

downstream of the transition (feet).

Table 5-8 summarizes the transition length coefficients for subcritical flow conditions. These
transition length guidelines are not applicable to cylinder-quadrant or square-ended transitions.
For flow approach velocities of 12 ft/sec or less, the transition length coefficient (L.) shall be 4.5.
This represents a 4.5L:1W expansion or contraction, or about a 12.5 degree divergence from the
channel centerline. For flow approach velocities of more than 12 ft/sec, the transition length
coefficient (L.) shall be 10. This represents a 10L:1W expansion or contraction, or about a
5.75 degree divergence from the channel centerline.

Table 5-8 Transition Length Coefficients for Subcritical Open Channels.

Flow Approach Velocity (v) Transition Length Coefficient (L)
(ft/s)
<12 4.5
> 12 10
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5.10.4 Design Procedures — Supercritical Flow

All supercritical channels shall be designed within the limits as stated in Section 5.3 through
Section 5.9. The following design procedures shall be used when channels are designed to flow
in a supercritical condition (FR >1.0).

Supercritical flow can become unstable in response to relatively minor disturbances to the
channel cross section; even small obstructions can sometimes cause a hydraulic jump. Good
design practice is to test supercritical flow stability during events smaller than the design flow by
evaluating flows of specific more frequent storm events (e.g., 10-year, 2-year, etc.), or testing
successive fractions (e.g., one-half, one-quarter, and further if necessary) of the design flow.
However, only calculations for the full design flow are required to be submitted for review.

5.10.4.1 Transitions — Supercritical Flow

The design of supercritical flow transitions is more complicated than subcritical transition design
due to the potential damaging effects of the oblique jump created by the transition. The oblique
jump results in cross waves and higher flow depths that can cause damage if not properly
accounted for in the design. Supercritical transitions can be avoided by designing a hydraulic
jump, which must also be carefully designed to assure the jump will remain where the jump is
designed to occur. Hydraulic jumps shall be designed to take place only within hardened parts of
the channel, such as energy dissipation or drop structures, and not within erodible portions of the
channel. Chapter 7 discusses energy dissipation devices.

Supercritical Transitions — Contractions

Figure 5-9 presents an example of a supercritical contracting transition, with upstream flow
contracted from width b to b; and a wall diffraction angle of 6. The oblique jump occurs at the
points A and B where the diffraction angles start. Wave fronts generated by the oblique jumps on
both sides propagate toward the centerline with a wave angle B1. Since the flow pattern is
symmetric, the centerline acts as if there was a solid wall that causes a subsequent oblique jump
and generates a backward wave front toward the wall with another angle 32. These continuous
oblique jumps result in turbulent fluctuations in the water surface.

To minimize the turbulence, the first two wave fronts are designed to meet at the center and then
end at the exit of the contraction. Using the contraction geometry, the length of the transition shall
be as follows:

b —b
L, =—"—2 (5-15)
2tanq
where
L, = transition length (ft);
b, = upstream top width of flow (ft);
b; = downstream top width of flow (ft); and
g = wall angle as related to the channel centerline (degrees).
Using the continuity principle,
b 3/2 FR
b _ (y_J (_s j (516
b M FR,
San Diego County Drainage Design Manual Page 5-30

July 2005



Chapter 5. Open Channels

where ...
y; = upstream depth of flow (ft);
y; = downstream depth of flow (ft);
FR; = upstream Froude Number; and
FR; = downstream Froude Number.

Also, by the continuity and momentum principals, the following relationship between the Froude
Number, wave angle, and wall angle is:

tan b, [(1 +8FR] sin’ b, )1/2 —3}

172
-1

tanq = (5-17)

2tan’ b, + (1 +8FR sin’ bl)

where ...
b, = Initial wave angle (degrees).

By trial and error, this design procedure can be used to determine the transition length and wall
angle. Figure 5-15 offers a faster solution than trial and error using Equation 5-16 and
Equation 5-17 (above). Figure 5-15 can also be used to determine the wave angle (b), or may be
used with the equations to determine the required downstream depth or width parameter if a
certain transition length is desired or required.

To minimize the length of the transition section, the ratio of downstream and upstream flow
depths should generally be greater than two and less than three (2.0<y3/,<3.0). The downstream
Froude Number should generally be greater than 1.7 (#R;>1.7) to help avoid undulating hydraulic
jumps downstream. For further discussion on oblique jumps and supercritical contractions, refer
to Chow (1959).

Supercritical Transitions — Expansions

A properly designed expansion transition expands the flow boundaries at approximately the same
rate as the natural flow expansion. Based on experimental and analytical data results, the
minimum length of a supercritical expansion shall be as follows:

L >1.5(AW)FR, (5-18)
where ...
L; = Minimum transition length (feet);
DW = Difference in the top width of the normal water surface upstream and
downstream of the transition; and
FR; = Upstream Froude Number.

5.10.4.2 Transition Curves

A transition curves may be used to reduce the required amount of freeboard or radius of curvature
in a rectangular channel. The length of the transition curve measured along the channel centerline
shall be determined as follows:

L =2D= 03277 (5-19)

N
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Figure 5-9  Supercritical Contraction Angle Definitions
where ...
L. = length of transition curve (ft);
D = distance from the start of curve to point of first maximum superelevation (ft).

Typically D=3Ly; see description of how to apply superelevation allowance in
Section 5.3.7;

W = top width of design water surface (ft);
V' = mean design velocity (ft/s); and
y = depth of design flow (ft).

The radius of the transition curves should be twice the radius of the main bend. Transition curves
should be located both upstream and downstream of the main bend.

5.10.4.3 Slug Flow and Roll Waves

Steep channels with significantly rapid flows (FR >2.0) are prone to developing pulsating flow
profiles, often called slug flows or roll waves. These standing waves can cause flow to exceed
freeboard limits and possible damage to the channel lining. The design engineer may resolve
pulsating flow issues either by adjusting the channel slope to prevent the development of these
waves or providing additional freeboard to account for the height of the standing waves.

Theoretically, slug flow will not occur when the Froude Number is less than two (FR <2.0). To
avoid slug flow when the Froude Number is greater than 2.0, the channel slope shall be as
follows:

San Diego County Drainage Design Manual Page 5-32
July 2005



Chapter 5. Open Channels

12
S<— 5-20
RE (5-20)
where ...
S = channel slope (ft/ft);
R
RE = Reynolds Number, RE = e (no dimensions);
n
u = mean design velocity (ft/s);
R = Thydraulic radius (feet); and
n = kinematic viscosity of water (ft*/s).

More detailed discussion of pulsating flow is beyond the scope of this Manual. Several
references, including Chow (1959) and Clark County (2000) provide further discussion of this
topic. The Los Angeles County Flood Control District (1982) has developed nomographs for
determining the appropriate freeboard allowance for roll wave height based on empirical research
at the California Institute of Technology (Brock, 1967).

5.10.5 Design Procedures — Superelevation

Superelevation is the transverse rise in water surface that occurs around a channel bend, measured
between the theoretical water surface at the centerline of a channel and the water surface
elevation on the outside of the bend. Superelevation in bends shall be estimated from the
following equation:

2
Ay = iy (5-21)
rg
where ...
Dy = rise in water surface between design water surface at centerline of channel and
outside water surface elevation (ft);
C = curvature coefficient (see Table 5-9);
r = radius of curvature at centerline of channel (ft);
Ty = top width at the design water surface at channel centerline (ft);
V' = mean channel velocity (ft/s); and
g = gravitational acceleration (ft/s”).

The curvature coefficient (C) shall be 0.5 for subcritical flow conditions. For supercritical flow
conditions, the curvature coefficient shall be 1.0 for all trapezoidal channels and for rectangular
channels without transition curves, and 0.5 for rectangular channels with transition curves. Table
5-9 provides superelevation curvature coefficients for various flow regimes, cross-section shapes,
and types of curves.

Bends in supercritical channels create cross-waves and superelevated flow in the bend section as
well as further downstream from the bend. In order to minimize these disturbances, best design
practice is to design the channel radius of curvature to limit the superelevation of the water
surface to 2 feet or less. This can be accomplished by modifying Equation 5-21 to determine the
allowable radius of curvature of a channel for a given superelevation value.

5.11 DESIGN PROCEDURES - ALLUVIAL (MOVABLE-BED) CHANNELS

“Alluvial-bed channels” in the context of this Manual refers to channels with movable beds that
operate in quasi-equilibrium with respect to longitudinal slope and cross-section. This Section
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Table 5-9 Superelevation Curvature Coefficients

Flow Type Cross Section Type of Curve Curvature C
Subcritical Rectangular No Transition 0.5
Subcritical Trapezoidal No Transition 0.5
Supercritical Rectangular No Transition 1.0
Supercritical Trapezoidal No Transition 1.0
Superecritical Rectangular with Spiral Transition 0.5
Supercritical Trapezoidal with Spiral Transition 1.0
Supercritical Rectangular with Spiral Banked Transition 0.5

outlines the basic procedures and concepts for the design of alluvial (movable-bed) channels.
The procedures presented here are useful for small to moderate sized alluvial bed channels.
Major channels warrant more thorough sediment transport analysis, usually involving computer
modeling. Sediment transport analysis is not required for small ditches and swales. The design
engineer is encouraged to explore the references provided in Section 5.13 of this Manual for more
comprehensive discussions of alluvial-bed channel design.

The procedures outlined in this Manual shall not be used for the design of channels on active
alluvial fan formations. The Borrego Valley Flood Management Report (San Diego County,
1989) provides flood flow and alluvial fan information for the Borrego Springs area of San Diego
County.

5.11.1 Basic Design Procedure

The basic alluvial channel system consists of a composite cross-section with a low-flow channel
and a flood-flow channel. The low flow channel section shall be designed to handle the channel
forming discharge flow with no freeboard. In addition, the alluvial channel section design shall
be checked for the 100-year flows to ensure that the system will be stable during and after major
storm events. The following summarizes the recommended general alluvial channel design
procedures:

Step 1. Identify the contributing watershed limits and determine the channel-forming
discharge (see Section 5.11.2) and the 100-year design storm discharge rates for the
design reach.

Step 2. Obtain pertinent information, including: channel geometry, channel slope; channel
resistance; and sediment size distribution (based on geotechnical analysis) for the
upstream sediment supply reach (see Section 5.11.6). Calculate the hydraulic
conditions based on the design discharges.

Step 3. After determining the applicability of the sediment transport equation (see
Section 5.11.5), calculate the sediment supply from the upstream channel reach for
the channel forming discharge. The calculated sediment supply is per unit width; the
total sediment transport rate is obtained by multiplying the rate per unit width by the
top width of the natural channel section.

Step 4. Determine the equilibrium slope (see Section 5.11.3) for the channel design reach
under consideration using the upstream sediment supply rate. This usually requires a
trial and error procedure. When the computed transport rate is equal to the upstream
supply rate, the equilibrium slope for the design reach has been found.
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Step 5. Based on the hydraulic conditions at equilibrium slope, estimate the largest particle
size moving for armoring control check (see Section 5.11.7). Also, check the
applicability of the equations used for the calculation by comparing hydraulic
parameters with the range of parameters for the equations.

Step 6. If needed, design channel drop structures (see Section 5.12) and other necessary
drainage structures to maintain the computed equilibrium channel slope for the
design reach.

Step 7. Check the stability (horizontal and vertical) of the channel design reach (channel and
overbanks) for the design storm events and provide channel protection measures
where needed (see Section 5.7 and elsewhere).

5.11.2 Channel Forming Discharge

In natural settings, the shape and size of the defined channel portion of a drainageway is usually
formed and controlled by the “channel forming” discharge. The channel forming discharge is
often called the bank-full discharge. Research has concluded that the channel forming discharge
rates most frequently range between 1-year and 5-year storm event (Leopold and Maddock
(1953), Wolman and Leopold (1957), Dury (1973), Pickup and Warner (1976), Richards (1982),
Leopold (1994)). In the absence of specific studies or other geomorphologic evidence, the 2-year
design storm flow shall be assumed as the channel-forming discharge for alluvial channel design.

5.11.3 Equilibrium Slope

The channel energy gradient slopes largely affect the resulting flow velocities, tractive forces, and
sediment transport capacities of a given channel reach. A channel reach is considered to be at an
equilibrium slope when the incoming sediment load (sediment supply) is equal to the outgoing
sediment load (sediment transport). If the sediment transport capacity of a given channel reach is
greater than sediment supply from the upstream reach, the channel reach will experience
degradation (erosion and scour) because of flood flows picking up additional sediment particles
from the channel bed and banks. If the sediment supply is greater than the sediment transport
capacity, then the channel reach will experience aggradation as the flows drop off excess
sediment particles. When a channel reach is in an equilibrium state, no substantial channel
aggradation or degradation is expected. The equilibrium channel slope is typically determined
based on the channel forming discharge rate (see Section 5.11.2, above).

5.11.4 Composite Manning Roughness Coefficient

Appendix A provides recommended values for the Manning roughness coefficient for various
channel and overbank types and conditions. The composite Manning roughness coefficient is
determined by the following equation (Chow, 1959):

2 + 2 0.5
= (noPotnywPw) (5-22)
(P, +P.)

where ...

n. = Manning roughness coefficient for the composite channel;

n, = Manning roughness coefficient for areas above the wetland area;

n, = Manning roughness coefficient for the wetland area;

P, = wetland perimeter of channel cross-section above the wetland area (feet)

P, = wetland perimeter of the wetland channel bottom (feet).
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5.11.5 Sediment Supply and Transport Analysis

A long reach of channel may be subjected to a general degradation or aggradation of the bed level
over a long period of time. Anticipating degradation and aggradation accurately is important for
determining design considerations such as adequate foundation depths.

Sediment routing analysis using a sediment routing model is the best method for estimating the
general degradation and aggradation of a stream on a reach-by-reach basis. Examples of sediment
routing computer models include the U.S. Army Corps of Engineers’ HEC-6 Scour and
Deposition in Rivers and Reservoirs, and proprietary models such as QUASED by Simons, Li &
Associates; FLUVIAL-12 by Howard Chang; MIKE-21C by the Danish Hydraulic Institute; and
ONETWOD by Y. H. Chen (FERC, 1992). However, less elaborate methods using rigid bed
hydraulic and sediment transport calculations may be used to estimate the relative balance
between sediment transport capacity and sediment supply between adjacent reaches. The design
engineer shall determine the level of sediment transport analysis required for a particular alluvial
channel design project in consultation with the governing Agency.

5.11.6 Upstream Sediment Supply

A major controlling factor when assessing channel response is the upstream sediment supply.
Whether a channel degrades or aggrades depends on the balance between the incoming sediment
supply and the transport capacity of the reach. This is especially true for channels where armoring
does not occur.

Incoming sediment supply is very difficult to estimate. One practical way to estimate the
incoming sediment supply is to select a supply reach. The supply reach must be close to its
equilibrium condition. Usually, the sediment supply is determined from the following: (1) the
sediment transport capacity at an upstream reach, using an appropriate maximum permissible
velocity and estimated flow depth; (2) a natural channel reach upstream of the design reach that
has not and will not be disturbed by human activities; or (3) an upstream channelized reach which
has been in existence for many years and has not experienced a recent change in profile or cross
section.

It is important to understand that the sediment supply system may be subjected to conditions that
can drastically alter the sediment supply, such as urbanization and the construction of debris
basins and detention ponds. In the long term, urbanization can reduce exposure to erosion and
reduce sediment supply. Likewise, detention basins and debris basins will trap and prevent
sediment from entering the stream system.

5.11.7 Erodible Sediment Size

The sediment transport equations presented here are based on the assumption that all the sediment
sizes present in the channel bed can be moved by the flow. If this is not true, armoring will take
place, and the equations will not be applicable. Similarly, these equations do not apply to
conditions when the bed material is cohesive. The bed shear stress is given by two closely-related
equations:

t,=9RS (5-23)
t,=1/8)r f£,1° (5-24)
where ...
ty, = shear stress (Ib/ft));
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= specific weight of water (62.4 Ib/ft’);
hydraulic radius (ft);

energy slope (ft/ft);

density of water (Ib/ft’);
Darcy-Weisbach friction factor; and
= mean flow velocity (ft/s).

=" twa
Il

Equation 5-23 is usually the simplest to utilize. The diameter of the largest particle moving is
then:

D=t ,/(0.047(S; -1)g) (5-25)
where ...
D = diameter of the sediment (ft);
Ss = specific gravity of sediment;
0.047 = recommended value of Shields’ parameter.

5.11.8 Other Channel Scour Considerations

Additional channel erosion and scour conditions such as anti-dune trough depth, channel bend
scour, channel contraction scour, and local scour at abutments, piers, etc. might have significant
design implications for an alluvial channel. FHWA HEC-18, “Evaluating Scour at Bridges” and
several other references listed in Section 5.13 offer several references for more detailed
discussion of these considerations.

5.12 DESIGN PROCEDURES — CHANNEL GRADE CONTROL AND DROP
STRUCTURES

The design of stable open channels (rigid and alluvial) often requires the use of channel drop
and/or grade control structures to control the longitudinal slope of channels to keep design
velocities within the acceptable limits.

Channel grade control and drop structures presented in this Section shall only be used when the
inflow channel condition is subcritical (FR <1.0). If the inflow channel condition is super critical
(FR>1.0), then an energy dissipator or stilling basin shall be used instead (see Chapter 8).

Channel grade control and drop structures may be constructed of many types of materials,
including concrete, riprap, grouted riprap, gabions, sheet piles, or other materials. The selection
of material and type of grade control depends in part on their hydraulic limitations (see Table
5-10 for typical hydraulic limitations), aesthetic considerations, and other site conditions such as
presence of abrasive sediment bed load. This Section presents minimum design criteria and
charts to aid in the design of sloping grouted boulder grade control structure. Section 5.13
provides several references for channel drop and energy dissipation design with the detailed
information available on other types of structures.

The effectiveness of grade control and drop structures is dependent on many factors including
flow rates, tailwater depths, and type of structures. The structures also must function over a wide
range of flow rates. Therefore, it is important to confirm performance during events smaller than
the maximum design flow. This may be accomplished by evaluating flows of specific more
frequent storm events (e.g., 10-year, 2-year, etc.), or testing successive fractions (e.g., one-half,
one-quarter, and further if necessary) of the design flow. However, only calculations for the full
design flow are required to be submitted for review.
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Table 5-10  Channel Drop Structures

Descriotion Upstream Max. Drop Max. Unit Max. Inflow Upstream
P Flow Regime Height Discharge Velocity Cross-Section
(ft) (cfs/ft) (ft/s)

Sloping Riprap Drop - .
Structure Subcritical 10 35 7 Trapezoidal
Vertical Riprap Drop ” .
Structure Subcritical 3 35 7 Trapezoidal
Straight Drop -

Structure Subcritical 8 n/a n/a Rectangular
KSBR Type IX Baffled Subcritical n/a 60 n/a Rectangular

pron

5.12.1 Sloping Grouted Boulder Drop Structure

Sloping grouted boulder drop structures have gained popularity due to their design aesthetic and
successful field application. Figure 5-10 illustrates a typical sloping grouted boulder drop
structure. The sloping grouted boulder drop is designed to operate as a hydraulic jump dissipater,
although some energy loss is incurred due to the roughness of the grouted rock slope. The quality
of rock used and proper grouting procedure are very important to the structural integrity. The
main design objectives are to maintain structural integrity and to contain erosive turbulence
within the downstream basin.

Grouted boulder drops must be constructed of uniform size boulders grouted in place through the
approach, sloping face, basin, and exit areas of the drop. Figure 5-19 illustrates the general
configuration of the sloping grouted boulder drop structure, and Table 5-11 and Table 5-12
summarize the design parameters for the drop structure.

5.12.1.1 Approach Apron

The grouted boulder drop structure has a 10-ft trapezoidal riprap approach section immediately
upstream of its crest. The approach apron is provided to protect against the increasing velocities
and turbulence that result as the water approaches the sloping portion of the drop structure. The

Figure 5-10 Example of Sloping Grouted Boulder Drop Structure

- W
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width of the approach apron and the side slopes should match the upstream channel, and the
height of grouted boulder channel sides shall be equal to the depth of water in the upstream
channel plus the required freeboard as described in Section 5.3.7.

A concrete cutoff wall shall be placed at the top of the slope and on the upstream side of the
approach apron to reduce or eliminate seepage and piping through the structure (Section B-B,
Figure 5-19). The depth of the cutoff wall shall be at least 1 ft, and extend the full depth of the
riprap layer. Depending on the soil type and hydraulic forces acting on the drop structure, the
cutoff wall may need to be deeper to lengthen the seepage flow path.

5.12.1.2 Drop

The slope of the drop structure shall not be steeper than 4H:1V (Table 5-11). Slopes flatter than
4H:1V usually increase expense, but some improvement in appearance may be gained. The side
slopes and bottom width of the drop shall be the same as the upstream channel. The grouted
boulders shall extend up the side slopes a height of the tailwater depth plus freeboard as projected
from the downstream channel or the critical depth plus 1 foot, whichever is greater.

Table 5-11  Sloping Riprap Channel Drop Design Chart — Part 1

Maximum Unit . Downstream
Discharge Maximum Allowable Chute Slope (S,) Apron Length (Ly)
(cfs/ft) %s Ton Riprap Grouted Riprap (ft)
0-15 TH:1V 4H:1V 15
15-20 8H:1V 5H:1V 20
20-25 10H:1V 6H:1V 20
25-30 12H:1V TH:1V 25
30-35 13H:1V 8H:1V 25
> 35 Structure Not Allowed for Unit Discharges >35 cfs/ft
Incoming Velocity Riprap Apron Thickness (D,)
(ft) (ft)
V < 5ft/s 1.75 2.6
V > 5 ft/s 2.0 3.0
Riprap Apron Thickness at Crest (D,,,)
(ft) (ft)
1.5D, 1.25D,

5.12.1.3 Exit Apron

The exit apron is necessary to minimize any erosion that may occur due to secondary currents.
The bottom width and side slopes of the exit apron shall be the same as the downstream channel.
The apron sides shall extend to a height equal to the tailwater depth plus the required freeboard.
Table 5-11 provides the length of the exit apron (L).

5.12.1.4 Drainage

Drop structure shall include appropriate structural analysis and analysis of geotechnical factors
such as seepage. Weep drains should be considered for seepage and uplift control. A continuous
manifold is preferred over a “point” system for weep drainage of a drop structure, as it provides
more complete interception of subsurface drainage. Weep systems requires special attention
during construction. The boulders can crush the pipes and alignment of the pipes between the
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boulders can be difficult. Flexible outlet pipes shall be used to allow alignment of the pipes
around the boulders when necessary.

5.12.2 Drop Structures Used for Grade Control

The natural topographic slope of a project reach can often be too steep for a stable alluvial
channel or particular engineered channel design. In these cases, the grouted sloping boulder drop
structure (Section 5.12.1) and other drop structure designs can used as grade control structures to
limit longitudinal slope of a channel.

Table 5-12  Sloping Riprap Channel Drop Design Chart — Part 2
Crest Wall Elevation (P)

Channel Bottom Width (b) yn > 4 ft
YN < 4 ft
vy < 5 ftls vy > 5 ftis

(ft) (ft) (ft) (ft)

<20 0.1ft 0.2 0.2

20-60 0.1 0.4 0.2

60 - 100 0.1 0.5 0.3

> 100 0.2 0.5 0.3

The basic design procedure for grade control structures starts with the determination of a stable
slope and configuration for the channel. For alluvial channels, the analysis should include
discharges from the full floodplain flow to the dominant discharge. . Section 5.10.5 explains the
dominant or channel-forming discharge, and it is more fully explained in sediment transport texts
such as Simons, Li and Associates (1982). The spacing of the grade control structures is based on
the difference in slope between the natural topographic and projected stable slope.

5.12.3 Grade Control Sills Used for Grade Control

Control sills are another type of grade control structure that can be used to stabilize channels.
Grade control sills can be constructed of concrete, or designed using materials such as gabion
baskets or sheet piles. It is important that the sill extend below anticipated scour depths and far
enough into adjacent channel banks to prevent flanking during high flow events. The top of the
grade control sill should conform to the transverse channel cross-section profile when practicable.

The basic design procedure for grade control sills is to (1) determine a stable slope
(Section 5.11.3), and then (2) determine spacing of the sills based on the difference in slope
between the natural and projected stable slope. It is critical to take care to limit the vertical drop
below grade control sills and provide adequate scour protection for the structure.
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Table 5-13 Maximum Permissible Velocities for Lined and Unlined Channels

Material or Lining Maximum Permissible
Average Velocity* (ft/sec)

Natural and Improved Unlined Channels

Fine Sand, Colloidal ............eeiiiieeee et e e e e e e et eeaeaeees 1.50
ASF=TaTe V2 Mo =10 TN N\ (o] s To ]| (oo F- T USSR 1.75
5711 o T=T0 g I N\ [ g o] o] o F= | N 2.00
Alluvial Silts, NONCOIOIAAI ........eeviririeieiiitiietieeeeteeetetetereeeaerereseseseeerersressrereserereressrerersrererererernrnreres 2.00
Ordinary FirM LOGM ....eviiiiieii ittt e ettt e e e e e e et e e e e e e e e s aabaaeeeaeessesnnstnaneeaeeesaannes 2.50
VOICANIC ASI ...ttt e e e e e ettt e e e e e e e e e et e e e e e e e ae b e aaeaaees 2.50
Stiff Clay, Very Colloidal.............ovuiiiiiiiieceeee et e e e e e e s e ee e e e e e e e e aanes 3.75
Alluvial Silts, COllOIAI .........everiririieiieieiiieieereeeeeretereeeeeeeaeaeeereseeeeeaerersreseesserererersrsrsrersssrerersrernrnrnres 3.75
Shales AN HArAPANS ....coiiiiiiiiieeiie ettt e e e e e e et e e e e e e e e sabaaeeeaeeesesanreaeeeaaeeaaaanes 6.00
e (oI €T =1 2.50
Graded Loam To Cobbles When Noncolloidal ..........ccoooooiiiiiiiiiiiieeeceeeeeceeecececccecececeeeee e, 3.75
Graded Silts To Cobbles When Colloidal............ooooieeuiiieeeeeeeee e 4.00
(070 )= 161N €] = \VZ=T I N oY g (7o) | To] [ b= NN 4.00
Cobbles AN SHINGIES .......ooiiie e 5.00
SANAY SHlE .erieiiiiiiie e e e e e e e e — e e ae e e e e e —————eaaeeeaaanrrraraaaaeeaaanns 2.00
Y114V 1 = RSO PPPRRRN 2.50
L1 = PRSP PPPPRR 6.00
Poor Sedimentary ROCK .........oeiiiiii i e e e e e e e e 10.0
Fully-Lined Channels

Unreinforced Vegetation .........oooo s 5.0
(R =T [a] (0] (eT=To N IV [ o S 10.0
[0 T0 XS TN o] - o S per Table 5-
(€] (o101 (Yo [ T o] =T o L USSR 25.0
(=1 071 o - 15.0
o1 O 20 1=T o | N 15.0
(070] (1 (=1 (= N 35.0

* Maximum permissible velocity listed here is basic guideline; higher design velocities may be used, provided appropriate
technical documentation from manufacturer.
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Channel Section
Looking in Direction of Flow

Figure 5-11 Layout for Freeboard Superelevation Allowance
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Figure 5-12 (1 of 2)
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Figure 5-12 (2 of 2)
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Transition Type Expansion Coefficient

Straight-Line

Figure 5-13 Typical Subcritical Transition Sections and Loss Coefficients
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Contraction Coefficient

Ki=0.15

KI‘C=O-1O

K:=0.30

Ki=0.30

Ki=0.30




Figure 5-14
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Figure 5-14 Minimum Stone Weight for Riprap Channel Sideslopes
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Figure 5-15
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Example: For FR{=5.0 and q=15°, (1) read FR,=2.8; (2) read y./y,=2.75; (3) read b,=27°% (4) read q=15° (check).

Figure 5-15 Design Nomograph for Supercritical Contraction Transition Length and Wave Angle
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