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SECTION I
INTRODUCTION

Tne nurpose of these design standards is to provide a guide
for the design of open channels and other storm runoff struc-
tures. These design standards include procedures for design
calculations and design criteria that are applicable for con-
gitions in Pima County which are generally categorized by high
velocity flow, and intense, but short duration, flow events.
These standards and procedures should only be considered
general guidelines and should not be substituted for sound
engineering judgement when dealing with specific design
problems.

SCOPE

The inﬁent of these standards is to compile dgesign stan-
dards and information from various publications and methods
practiced by government agencies such as the U.S. Corps of
Engineers and tne Federal Highway Administration, ana to
present this information in a comprehensive manner that ad-

dresses critical design parameters. Therefore, the scope of

these standards is limited to design information. Theoretical
details concerning the hydraulic information has not been pre-
sented, but may.be found in most standard text books and
government publications, many of which are referencéa herein.

These standards are most applicable to the local drainage

problems encountered in the design of subdivisions, roadways,

and hydraulic structures. Design information for major




improvements sucn as dams oOr fiooa control levees are not

incaiuded.

Sucih major projects shouia pe designed and reviewed

on a case-by-case basis following applicable local, state, and

federal regulations.

DEFINITIONS

The following definitions are provided to clarify informa-

tion contained within the text.

l.

Minor Watercourses will refer to any channel with a

i00-year peak -aiscnharge wnich is less than 5,000 cfs.

The category is further divided into major washes,

minor washes, ang local or nuisance flow.

a.

Major Wasn refers to any stream which has a

l00-year peaxk discharge between 5,000 cfs to
1,000 cfs (1,000 cfs  <Q g,  <5,000 cfs).

Minor Wash refers to any stream whicn has a

- (1,000

100-year peak discharge less tnan 1,ul0 cfs but

greater than 100 cfs

>Q g0 > 4100 cfs).

Local or nuisance flow is minor flow between

adjoining lots, drainage or other flow which is
equal to or less than 100 cfs during tne 1l00-year
event. (Note: Pima County regulates all drainage

witnolUD-year discharge in excess of 50 cfs).

Major Watercourse are rivers which have 100-year peak

discharges in excess of 5,000 cfs and includes but is

not limited to such rivers as the Santa Cruz River,

Y4




Rillito.CreeK, Tanque Vverde (reek, Pantano Wash,
Julian Wash, Tucson Arroyo, and the Canada del Oro
Wash. Unless noted otherwise, the design standards
presenteu in tnis text are not generally applicable
ror the majbr watercourses and a more aetailed
analysis of the river mechanics ana/or hyuraulic
analysis may be required.

Future Conditions implies the use of the most recent

information, as presented in Area Plans, bpasin
management studies or other official documents, to
predict future runoff anu flood conditions.

Rapid Flow includes critical and supercritical flow

where the Frouue number equals or exceeds one.
Because in actuai model studies tne turbulience nor-
maliy associated with rapid flow begins at a Froude
number of 0.86, for design purp0ses flow will be
assumed rapiu if tne Froude number exceeds 0.86 in
cases where surface distu:bahces are important, as

with freevoard requirements.

Tranquil Flow refers to supcritical flow witn Froude
numbers less than or equa.i to 0.86.

Freepoard refers to height above the design water -
surface to some critical point. It generally'refers
to the height from the water surface to the top of the

channel. However, where the protection is adequately

I3 ‘ A




tied into the sides of a channel, it may refer to the
height from the water surface to the finished floor

elevation of adjacent structures.
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SECTION 11
DESIGN CONSIDERATIONS

For the design of drainage structures due consideration
must be given to determining the design flood, flow character-
istics and other factors defined by the basin and drainage
system's hydrologic and hydraulic parameters. Additionally,
methods for flood control ancg stormwater management must be
compatible with the applicable regulations governing land use
and. flooa plains.

within Pima County acceptable methods have been developea
for the determination of drainage basin characteristics, the
generation of peak flow rates and other nydrologic parameters.
These drainage standards have’been developeg to aid the Engi-
neer in evaluating hydraulic parametefs applicable to Pima
County. The Pima County Floodplain Management Ordinance
establishes and defines appropriate flood plain uses, encroache-
ment standards and methods of stormwater management. The dis-
cussion below was prepared to define design parameters and
standards, as setforth in the Floodplain Management Orainance,
that must be considered for the design of drainage structures.

DESIGN PARAMETER

Design of any drainage structure must include the determin-
ation of the applicable hydrologic and hydraulic parameters for
the design flow conditins and the proposed improvements. De-

sign requirements have been developed within these drainage
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design standards for various sizes of drainage basins and vol-
umes or rates of flow, which because of their different flow
characteristics, require separate design criteria. The dJdesign
standards nave Leen developed primarily for minor and major
washes which carry design fiows of 100 cfs to 5,000 cfs. Major
watercourses with l00-year peak discharges greater than 5,000
cfs must be evaluated in much greater detail with attention
paid to river mechanics. 1f flows are less than 100 cfs then
less stringent standards for the design of these structures are
generally required.
Hydroioyic Parameters

The first step in tne design of any structure is to deter-
mine the applicable design discharge. In general, for Pima
County tinis implies the 100-year diécnarge for channel design
capacity,; however, other discharges such as the 2-year and 10~
year discharges are used in determining cnahnel stability, cul-
vert design or other structures. All design discharges should
pe developed for future conaitions using the best information
availabie from land-use area plans ana drainage concept reports.

For small urban or rural watersheds it is normally neces-
sary to determine the design discharge from empirical formulas
since streamflow records are not generally available. Pima
County has developed a method for the determination of peak

discharges whicn has been outlined in the Hydrology Manual for

- Engineering Design and Flood Plain Management within Pima

County, Arizona, Septemper, 1979. This method was developed

I1-2 ‘
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for the prediction of peak discharges on small semi-arid water-
sheas with recurrence intervals of 2 to i00 years. As witnh
other methodas for small watershéds, this method was developed
for a i-hour storm which occurs uniformly over the basin. When
the basin's size increases this assumption becomes less valid;
therefore, this method shoulu not be used for watersneds in
excess of 10 square miles. For watersﬁeos of 10 square miles
or greater it is suggested that the Engineer use the Soii Con-
servation Service metnod for peak discharge getermination as
this method will consider flows from various duration storms
and uses an averaged rainfall depth to correct for nonunifor-
mity. Information on the Soil Conservation Service Methoa for

watersheds larger than L0 square miles may be found in SCS's

National Engineering Handbook 4 - Supplement A or as moaified

in Hydrologic Design for Highway Drainage in Arizona, which was

prepareg by the Arizona Highway Department's Bridge Division.
For most of the major watercourse, regulatory discharge
have been developed by the federal government using streamflow
‘data and the Log Pearson Type III distribution, or, where
streamfiow data was not available, the use of régional
equatiqns developed by the U.S. Geological Survey were used.
For major watersheds these regulatory 100-year peak discharges

will be used for most design purposes.

11-3
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Hydraulic Parameters

Prior to the preparation of a final design the existing
hydraulic conditions and the proposed.improvement concepts
should be evaluated. Investigations of the existing ana future
conaitions should not be limited to the site but should also
include an evaluation of the drainage basin. This does not
imply that a detailed study must be conducted; however, a re-
view of the existing and future conaitions, including the
basin's physical characteristics, will eliminate unnecessary
analysis. The Engineer shoulo provide documentation of the
necessary design criteria and hydraulic parameters requiring
evaluatioﬁ in any hyarology and/or hydraulic report submitted
to Piha County.

Major nydraulic parameters to be consicered are channel
cross-sectional dimensions, channel slope and velocity. The
cihannel crosstection should be compatible with the upstream
~and downstream channel conditions. If they are not compatible,
additional measures muét be incorporated to comgensate for
variations in flow velocities. Where the Froude number is
approximately equal to one, slight changes in energy may result
in large changés in the depth of’flow. The channel slope and
flow velocity have a significant impact on the stability of the
channel. If the flow velocity is non-scouring then the channel
slope may generally be assumed to be stable and no bank pro—
tection Qould be required unless side slopes of steeper than

3:1 are desired or unusual conditions exist.
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With major watercourses, engineering analysis of flow hy-
graulics and river mechanics must be made in’greaterudetail
than for small washes or constructed channels. Flow in the
major watercourses during flood events will be unsteady and
non-uniform gue to variation in channel capacity, channel
characteristics and the sudden surge of flood peaks as founa in
this arid Southwestern Area. ,Particular’nydraulic conditions
founu in Pima County include river erosion typified by channel
meandering and/or degradation of the river béd; perched flow in
the overbank areas or along alluvial fans; wave formation or
sudaen changes in water surface elevation, since many rivers
are flowing at critical deptn; and localized scour‘anu/or
problems caused by sudden channel contractions and encroach-
ments. Detaileg hydraulic analysis shoula be made for any
proposed improvement whiéh detgrmines flood limits, flow depths
and changes in flood velocities. Where flow is near critical
or is supercritical, the sequent depth of the flow should be
considered. Because most hydraulic models are one-dimensional
rigid bed models, unaer'special’coﬁditions an evaluation of the
sediment transport capacity or a two dimenéional‘evaiuation of
the flow's momentum must be made. Since erosion is a major
problem in Pima County, the Pima County Flooa Control District
has had general analyses of sediment transport capacity of the
major washes performéd. This is adequate in most instances to
set general design reqpirements eXcept wheré localized con-
ditions are crucial or the intended improvemént will cause

local scour.
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FLOOD PLAIN MANAGEMENT

The Pima County Flood Piain Management Ordinance and —
relateg land use plans regulate the use of flood plains and
floodways in Pima County. Additionally, the Flood Pliain
Management Ordinance gives tne County Engineer the authority to
reguiate hydrologic, hyoraulic and related flood pliain use
standards which pertain to engineering decisions. Major -
provisions of the ordinance pertain to land use suitability for
flood piains ana floodways, encroachments into the fiood plain;
subdivisions including puilaing sites, internal drainage, —
building setbacks, and stormwater management by the use of
getention/retention. '
The ordinance aiso sets up procedures for the submittal of
Engineering Stndies and their review ang approval for all flood
plain use permits and/or drainage improvements; The drainage o
stanuards presentea in this text were prepared in order to ad-
dress the pussible design or engineéring decision criteria re-
quired for the enforcement and adminiatration of the Flood —
Plain Management Ordinance.
POLICIES -
pPolicies concerning drainaye standards have been estab-
lished by the ?ima County Engineer and are listed below.
Variance to these bolicies are only allowed with the written -
permission of the Pima County Engineer and any request for
variance must be supporteu by acceptable documentation and
engineering analysis. The Flood Control District's Design

Policies are:




1. All streams with 100-year peak discherges equal to or
greater than 50 cfs will be considered in the design of im-
provements, encroachments or other flood plain activities as
regulated by the Pima County Flood Plain Management Ordinance;

2. Flow must not be diverted from one drainage basin into
another.

3. Finished floor elevations shall be elevated at a mini-
mum of one foot above the existing regulatory l0O-year water
surface elevation.

4. For constructed channels, the 100-year peak discharge
must be contained in a defined channel cross-section. Defined
channel cross-sections may include a constructed ldw-flow'chan-
nel with gradeg overbank areas as long as the 100-year flood
iimits are contained within the established drainage right-of-
way or easement and does not encroach into private lots.

5. For major watercourses, with straight alignment,

‘builaings shall be setback 300 feet for all structures unless

_bank protection is providea. In some cases, the 300 feet

criteria may be increased or decreased by the Pima County
Engineer as warranted by the anticipated erosion hazard.

6. All properties adjoining a stream channel dr water-
course have a right td an equal degree of encroachment which is
measured by the loss of conveyance of flow. To insure that
encroachment into the regulatory flood plain does not increase

flooding for existing structures or reduce the right of

I11-7
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adjacent properties, encroachment into the flood plain will not
be aiidwed to cause a Significant change in flow deptn or
veiocity on adjacent properties. See Section Ill for
definitions and exceptions.

7. All lots within a subdivision shall be provided with
all weather access, i.e., a minimum of -one route of ingress and
egress where the L10-year flow is carried under tne roaaway, the
25-year flow is one foot deep or less in the dip-section, and
100-year flow is contained witnin the dip-section. ‘Where fiow
is less tnan 100 cfs flow may be carried in a dip-section |
provided the depth of 100-year flow is one foot or less.

8. Drainage channels may not be constructed adjacent to
roadways without written permission from tne County Engineer.

9. Dedication of right-of-way or easement is required for
all major watercourses with a l100-year peak discharge of 5,000

cfs or greater.

PLAN SUBMITTAL

Pfior to the development of any site, certain requirements
must bLe met to assure the proper design and engineering of all
associated facilities. Tnis ihciudes a review of existing
hydrology and hydraulic‘Cnaracteristics of the site as well as
an analysis of allvproposed drainage improvements. Require-
ments and procedures for development plans, or in the case of
land subdivision, tentative and final plats, nave been outlined
py the Subdivision and Development Review Committee. Specific-

ally, the development plan and tentative plat provide detailed
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information on the existing and proposed drainage improvements
and aiLl other improvements to establish their feasibility. The
final plat must conform to tne approvea tentative piat and
shall identify and dimension all drainageways/drainage ease-
ments anu estabiish appropriate covenants and dedications. A
checklist of requirements relating to drainageways, as’weli as
étner development requirements, has been included in the

Procedures anu Requirements for Tentative Plats, Proceuures and

Requirements for Final Plats, and Development Plan Check List

which are available from the Pima County Planning and Zoning
Department.

Botn development plans and tentative plats require tne sub-
mittal of a Hydrologic and Hydraulic Drainage Report prepared
vy a Proufessional Engineer. This report should include a de-
scription of existing and future site conditions; all hydraulic
}anu hyurologic data and computations sheets; a delineation of
the flood prone areas, and a uetaileu description of the pro-
posed manner in which drainage snall ve handled. The tentative
plat should show existing condition and improvements with tne
final‘plat reflecting post development conditioés.

Drainage may not be altereo, diSturuedkor obstructed other
tnan as shown On the approved development plan or tentative
plat without written approval of the Pima County Flood Plain
Board. Additionaily, improvemeht plans for channels, detention

basins or other hydraulic structures must be suumitted to the

119 x
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Flood Control District for review and approval prior to con-
struction. These improvement plans must be accompanied by all
hydraulic calculation sheets (with references where appropri-
ate), a description of all proposed improvements, and an eval-
uation of the compatibility of the desiyned improvements with
the concepts and condition described in the Hydraulic and Hy-
drology Drainage Report.

DEDICATION

Dedicated drainageways or easements shall be provided where
necessary to insure proper flow conditions and maintenance.
Dedication is required for any major watercourse channel and/or
floouway where the 100-year peak aoiscnarge is greater than
5,000 cfs. Deuicated drainageways must conform to adopted
County policies ana the standards outlinea within this text.
This incliudes but is not limited to providihg access easements,
all weatner éccess and the use of proper engineerinyg uesign
stangards.

For the aedicatién of a drainageway or other improvements,
the limits of the improvements and/dr lOO-year flood prone area
must be shown in a surveyaule manner on the final plat. Any
right-of-way or easement shall be clearly labeled on the final
plat as private-or public. Dedication of any drainage improve-

ments shall be madé with the final plat and shall follow the

standard format as outlined in Procedures and Requirements for

Submitting Final Plats.

%,
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HYDROLOGIC AND HYDRAULIC DRAINAGE REPORT

Each Hydrologic and Hydraulic Report submitted in conjunc-

tion with subdivision plats, development plans, and/or any

other specific parcels of land which require drainage analysis,

shall contain the following:

(1)

(2)

A "Cover Sheet", which includes:

(a) Title of Report

(b)

(c)

Approximate location of project, including
Section, Township ana Range
Seal and Signature of a Registered Professional

Civil Engineer

An "Introauction", which includes:

(a)

(b)

(c)

(d)

Legal description of project, along with a
Location Plan which shows the physical relation-
ship of the project to nearby properties, as well
as major streets and waterways within the immedi-
ate vicinity.

A description of existing development within the
watersheds affecting the project iFself.

A description of future development anticipated
within the watersheds affecting the project, in-
cluding the use(s) planned for the project.

A recent aerial photo of the project area, at a
scale no smaller than 1" = 1,000' extending at

least 300 feet outside the project boundaries.

I1-11
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(3)

(4)

(5)

(6)

(e) Description of any physical features within the
project, or contributing watersheds, which might
be noteworthy from the standpoint of hydrologic
and/or hydraulic considerations, such as ground
cover, soil types, etc.

(f) A brief summary of any historical hydrologic
and/or hydraulic information known to be avail-
able for the project. The source and date of
information should be incluaged.

An "Objectives" section, which includes a orief

description of the purpose of the report in relation-

ship to development of the project.

A "References" section, which contains all sources and

dates of information used to compile the report.

A "Procedure" section, which briefly describes the

methodology and assumptions used in preparing the

report. '

A "Computations™" settion,lwhicn includes:

(a) A watershed map, delineated on a 7.5 minute USGS
quauranglé map or on 1" to 200' or 1" to 400'
aefial coverage when topographical information is
available and included on the aerial. This
watershed map should reflect the drainage areas
and corresponding points of concentration

affecting the project. A 15 minute USGS




(b)

guadrangle may be acceptable only for larger
drainage areas, or when a 7.5 minute USGS
qudrangle map is not available for the project
area. Aerial photographs without topogrépnic
information may only be employed as visual aids
unless the drainage sys;gm and/or topographic
relief is so ill-defineu that use of USGS
quadrangle maps alone is not possible. 1In such
instances, elevations of the drainage divides,
outlet, points of significant slope breaks, as
well as any other elevations which may be
pertinent to hydrologic,and hyd:aulic consider-
ations, shall be included upon the aerial

photographs utilizea. Watershed maps prepared on

tracing paper are not acceptable.

All hydrologic data sheets prepared while deter-
mining the quantities of flow affecting the pro-
ject, including design rainfall sheets. These

sheets shall be identical in form to those pro-

vided in the Hydrology Manual for Engineering

Design and Flooag Plain Management Within Pima

County, Arizona.

A data sheet shall be required at each drainage
concentration point where a significant water-

course enters and/or exits the project.
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(7)

(c)

(d)

All nydraulic data sheets prepared while deter-
mining the depth of flow, velocity of flow,
Froude number, and aerial extent for each flood
prone area contained within the project, clearly
identified and labeled. Any sheets containing
pertinent cross-sectional data, as well as all
rating curves, shall be included. If computer
analysis is employed, it should be labeled and
included along with cross-section sheets plotted
to scale.

All hydraulic sheets prepared in analyzing the

‘influence upon the drainage within and/or ad-

jacent to the project from existing and/or pro-
posed structures to include but not limited to
levees, culverts, briages, and roadways which act

as weirs.

A copy of a contour map or, if the project involves

subdivision of land or commercial-industrial develop-

ment, a copy of the tentative plat ana/qor development

plan which includes:

(a) Delineation in a clear and precise manner of all

flood prone areas subject to flows exceeding

fiftyk(SO) cubic feet per second (cfs).
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(8)

(9)

(b) Ciear iventification and labeling of each cross-
section used in mapping the fliood prone areas, SO
that easy cross-reference to associated hydro-
logic anu hydraulic data sheets is possible.

(c) Labeiing of all significant points of drainage
concentration whicn enter ana/or leave tne pro-
ject, accompained by the quantities of flow and
contributing drainage areas.

(a) Contours clearly plotted at intervals of two (2)
feet, unless unusual topographic relief dictates
otherwise.

(e) A scale no smaller than 1" = 100', unless unusual

physical features dictate otherwise.

A "Results" section, which briefly discusses or
displays clearly the findings of the report or

calculations. Tnis would include items such as tavles

‘labeling data and results  of any hydraulic analyses.

A "Conclusion" anu/or "Recommenaations" section which
describes in detail how the drainage affecting the
project will be handled in a manner which will allow
the development to occur as intended without conflict-
ing witn ;ny State and/or County regulations or

without adversely affecting adjacent properties and/or

the project itself.
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SECTION III
CHANNEL DESIGN

The purpose of this section is to discuss the poiicies ana
gesign standarus for natural and artificai floodu control chan-
nels. Tnis section shall outiine the requirements for construc-
tion along.natural channels, standards for encroachments into
fiood piain fringe areas and design criteria for constructed
channels. Discussion of channel alignment and channel stabiliza-
tion standards have not been inciudea as these topics shall be
aduressed separately in later sections.

NATURAL CHANNEL REWQUIREMENTS

Incised stream channels wnich have been historically stable
should be left in a naturali conuition if the channel has adequate
capacity to convey the expected future 100-year peak discharge as
getermined from accepted area plans and/or expected land use.

For minor.watercourses, adequate channel capacity shail oe

determined by either a backwater analysis or from the following

formula which equals the hydraulic deptn of flow from a Manning's

rating plus a freeboarg requirement.

Channel depth = y + %. y + 57— eq. 1-111

Where: y = hydraulic depth of flow from a Manning's rating
for minor washes or a HEC-1I analysis.
v = flow velocity as determinea from a Manning's

rating for minor washes or a HEC-I1I analysis.
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With major watercourses, adequate channel capacity shall pe
vetermined by a backwater analysis, consideration of the energy —
grade line and other factors to insure safe design.

For minor watercourses, with a 1l00-year peak discharge less
inan 5,000 cfs, a general builoing setback requirement,of.SO feet
has been established. The Pima County Flood Control District may
determine building setbacks on a case-by-case ba;is, unless an -
engineering study, which establishes safe limits, is performed by
a registered professional civil engineer and is approved Dy the
County Engineer. When determining building setback require- | —
ments, the County Engineer shall consider danger to life and
property due to existing flood heights and/or velocities and pos-
sible channel meandering.

For major watercourses the following puilding setbacks shall
be required‘where bank protection is not provided. f‘

(1) Along major watercourses where no unusual conditions
exist (e.g., severe meanders,/large excavation pits, etc.), a

setback of 300 feet measured from the nearest top of the channel —
bank shall be provided at the time of developmept.

(2) Along major watercourses where unusual conditions do
exist, setbacks shall be established on a case-by-case basis
after a thorough engineering revieﬁ.

In lieu of building setbacks, bank protection may be proVided
in accordance with regulations set forth in Section V which deals

with channel stabilization. The building setback requirement may —
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pbe increased or decreased according to the demonstrated channel
stability. All building setbacks shall be shown on the Final
Plat as per the streets, alleys, easements and drainage cequire-

ments for submittal of Final Plats.

ENCROACHMENT STANDARDS

Whenever encroachment into a flood plain area is proposed,
the Pima County Flood Plain Management Section shall consider the
danger of life and property due to the existing flood height and/
or velocities, or thekoanger due to the increase in flood height

ana/or velocities caused by the encroachment. Where encroach-

ments are to be aliowed, all property owners have the right to an
equal degree of encroachment. The stanaara used to measure fhe
degree of encroachmentyshall be the change in the depth of flow
and/or the nydraulic efficiency of the channel. An equal degree
of encroachment will be determiﬁed from the effects upon the flow
in the channel rather than equal encroachment distances.
Encroachments should not reduce the hydraulic efficiency of the
channel nor increase the average water surface elevation by more
than one-tenth .of a foot.

Pima County's policies and drainage standarus for the
measurement of encroachment specify that the change in flow
characteristics is measured by the average of change tnroughQUt
the encroachment reach with some variation in the magnitude of
the change; i.e., the one-tenth criteria, allowed to ensure sound

engineering cesign and hydraulically smooth flow transitions.
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Special situations where the entire flood plain is encompassed by
a single Landowner oI where agreements are obtained from adjacent
property Owners will pe evaluated by the Pima County Engineer on
a case-py-case basis considering ihte:im and long term con-
ditions. However, at no time shall encroachment occur in the
floodaway, affect the river stability, increase oownstream flood
peaks, Or change offsite flow charactefistics.

Exception to the encroachment standards may be made on a
case-by-case basis only where the entire flooa plain remains
under development by an indiviaual or corporate ownership. Under
these conditions, any modification to the flood plain must not
raise the i0U-year water surface by more than one foot within the
deveiopment (Note that the city ordinance standards may differ).
In tne adjacent upstream and downstream reaches the hydraulic
characteristics of the channel must not change nor may the depth
of tlow ve increaseu by more than 1.0 foot. Where encroachment
is adjacent to a major watercourse, the County Engineer will
~retain the option to request that a stuay be made of the
reduction in'overoank storage in 6rder to'demonstrate that the
encroacnment will not significantly increase ddwnstream flood
peaks. These studies will pe regional in nature and will have
their study limits set by the County Engineer. |

Encroachment by structures may only occur within the flood
plain frinye area. All development structures must be outside
tne floodway. The engineer is referred to tne Pima County Flood
Plain Ordinance for definitions of allowed land use within the

floodway and flooa plain fringe. Whenever the floodway limits

I11I-4 ,




have not been defined by either FEMA Flood Boundary and Flooaway
Maps or by a private engineering study performed by a registered
professional civil engineer and accepted by tne County Engineer,

the floodway limits shall be setback from each side of the

channel top of primary bank a distance of 4 times the channel top

width as measured from the top of the nearest bank.

Individual Building Site

Individual structures or buildings may'be erected within the
flood plain provided that the depth of flow and the velocities
are not excessive. The depth of flow (d) and the velocity (V)
will be considereu to have low hazard potential if the depth is
less than three (3) feet and the velocities are less than five
(5) feet per second.

For all indivigual building Sites, the following standards

shall be met:

1. Finisheao floors (first floor or basement) shall be ele-
vated a minimum of one foot above the lOO-year water surface.

2. The building padhwill be raised, at a minimum, to the 100-
year water surface elevation and shall extend out 25‘feet in all
directions from.the edge of the building unless other approved
measures, such as stem walls are utilized.

3. Where necessary, stabilization of the building pad shall
be required by the County Engineer (See Section V).

4. Stfeets shall be elevated to the 50-year water surface

elevation where required by the County Engineer.
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5. Wherever possible, buildinygs shall be placed so that the
longest exterior dimension is parallel to the direction of the
flow or provisions are made to mitigate any blockage of flow.

6. All structures shall be anchored to prevent floatation.

Major Encroachments

Where several raised structures will ve built or where
development will raise lana out of the flooa plain, it is neces-
sary that a nyuraulic study, to determine the changes in watér
surface elevation and flow velocities, be conducted by a regis-
terea professional civii ehglneer ana approved by the County
Engineer. Encroachment shall only be allowed if the average
change in the 100-year water surface elevation is 0.1 foot or
less ana if’the increase in the‘flow velocity is less than 10% of
the original fiow velocity or(less than or equal to 1 fps when
the flow velocity is greater than 10 fbs. Exceptions to this

requirement may only be made if the development meets the
criteria set forth under the'general encroachment standards or
where structural measures are takén to mitigate adverse effects.
When conductihg an nydraulic analysis of thg flbw, the change in
the flow depth or flow VELOCitybshOULd not vary by more tnan 10%
between each channel cross-section analyzed unless further
analysis is prdvidedbto the Pima County Department of Transporta-
tion and Flood Control District for reJiew.

The foilowing stanaards shall apply to major encroachments

into the flooo plains.
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1. Finished floor elevation shall be a minimum of one foot
above the 100-year water surface elevation whenever the 100-year
flood is not contained within a channel which has adequate free-
board, as described in the "Freeboard" portion of this section.

2. The top of the filli will ve at or above the l00-year water
surface elevation within 25 feet of the building edge.

5. All buildings shall be setback 25 feet from the edge of
the fill on the landward side, unless other alternatives, as ap-
proved by the Pima County Engineer, are utilized.

4. The fill shall be bank protected against excess velocities
and/or channel meandering (See Section V for an explanation of

the criteria).

CHANNELIZATION

The purpose of this section is to present design criteria and
procedures for design analysis of flood control channels. The
formal hydraulic theory and details for each equation have not
been included as these may be found in most standard hydraulic
textbooks or publications. The engineer may also contact the
Pima County Flooa Control District for further détails and
references.

The following discussion outlines the design policies, de-
scribes the requirements for channel geometry and right-of-way

and gives standard channel cross-sections which will be employed

in Pima County.
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Channel Geometry

Since the primary function of a flood control channel is to
reduce damages and hazards from floods, the channel geometry must
take into account the quantity of storm run-off, the freeboard
requirement, superelevation of the flow ana aggradation and ero-
sion in the channel. Therefore, the design standards that should
be appliea shall cepend upon the channel characteristics and the -
flow regime.

The following sections describe various cross-sectional ele-

ments which may be considered in channel design.

Top Width - -
Channel top widths for constructed channels should not vary
py more than 15% between control points except at the confluence
of a major tripoutary. The intent is to prevent radical changes
in the width of flow or tne channel slope in the main channel
which could cause severe aggradation, degradation or meandering B
by the channel.
For similar reasohs, when the channel that is to be con-
structed joins the natural upstream channel cross-section, as a
general guideline, the discharge per unit width for the bank-full
discharge of the natural channel (qn) should be approximately
equal to the discharge per unit width within the constructed
channel (qc) for a flood of the same magnitude. If this guide
is folloyed in designing the channel size, aggradation and -

degradation within the constructea channel can be minimized.

\
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Depth

While there are no restrictions to the depth of a channel,
the channel depth should be kept within reasonable limits. For
earthen channels, the channel deptn should be limited by the al-
lowable channel velocity for a stable channel (See Section V).

wWith lined channels erosion is not a problem, however, be-
cause of the steeper side slopes associated with concrete chan-
nels, it should be recognized that excessive channel depths could
create a public hazard. Appropriate measures will be required

where necessary.

Freeboard

Freeboard is the vertical distance between the top of the
design water surface and the top of bank or critical point.
Freeboard is provided to account for variations in the water
surface from wave action, debris, accumulation of silt in the
channel, or other possible perturbations. The City of Tucson
freeboard stanoards may differ; therefore the engineer shoula
consult with the Tucson City Engineer when designing improvements
within the Tucson City limits.

The minimum requirements for freepboard shall vary according
to the flow regime within the channel. With sub-critical or
tranquil flow, the channel velocities are moderate so that wave
action is also minimal. Therefore, the minimum freeboard
requirements for subcritical fow in minor watercourses shall be

one foot wherever the agepth of flow exceeds three feet. When

I1I1-9
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flow is near critical or supercritical, wave action increases and
a possible change in the state of the flow ana the water surface
elevation may occur. For supercritical flow, the water surface
elevation may increase due to disturbances within the channel
such as anti-dunes, standing waves, and/or hydraulic jumps.
Therefore, the depth of freeboard is dependent upon the total
energy grade line. Hence, the freeboard of critical and super-
critical flow, which is equal to or greater than three feet in
depth, shall equal one-sixth of the specific head but not less

than one foot in minor and major washes, i.e. Q100< 5,000 cfs.

FLOW FROUDE MINIMUM
REGIME NUMBER FREEBOARD ALLOWED
Tranquil F <0.86 1 .
Near Critical or 1 v2
Supercritical 0.80 <F g [} t 5 1!
- g
Where: Yy = depth of flow, ft.
V = velocity, fps
g = acceleration of gravity, 32.2 ft/sec.

Where the depth of flow is less than three feet, the minimum
of one foot shall not apply, rather, the freepoard may be deter-
mined using the equation for freeboard 1/6 (y + %;%. _

Freeboard requirements in major watercourses will be decided

on a case-by-case basis depending on existing river mechanics,

flow regime, overbank conditions and other factors.
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Additional requirements for freeboard may be called for in
specific cases where aggradation is substantial during a single
flow event and/or superelevation must be taken into considera-
tion. See Section V for a aiscussion on aggradation in chan-
nels. For superelevation unager supercfitical conditions, the

following formula is generally used:

AY = VW eq. 2-111

Where: Ay = change in the water surface, ft.
V = channel velocity, fps.
W = channel width along the top of the water
surface, ft.
r, = radius of channel center-line curvature, ft.
g = acceleration of gravity, 32.2 ft/sec.

The change in the water surface, 4y , should be added to the
freeboard requirement along the outside of the bend.

For rapid flow the disturbance caused by a bend in the chan-
nel persists downstream. Therefore, a detailed hydraulic study
must be conducted to determine the effects of the channel curva-
ture on the fréeboard requirement. (See Section IV for a discus-
sion of channel curvature.) |

in cases where the channel is lined, the lining must be car-
ried to the top of the excavated channel, unless the site has

been graded to control drainage so that flow will only enter at
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spillways. Then the lining neeo only be extended to a height
equal to the depth of flow auring the 100-year peak aischarge

providing the top of bank exceeds the freeboard requirement.

Side Slopes

For earthen channels to be stable and non-erodable, the side
slopes should be no steeper than 3 to 1. Lined side slopes may
vary from vertical to flatter as long as appropriate reinforce-
ment is provided. Soil cement slope paving may be used as an
alternative channel lining. For this type of lining, side slopes
of 6 to 1 are preferred, but they may be as steep as > to 1 where
special equipment is used and/or dictated by accepted

construction practices.

Right-of-Way

Dedication is required for all major watercourses, for either
constructed channels or major natural channels where the 100-year
peak discharge is more than 5,000 cfs. Drainage easements may be
used in lieu of dedicated right-of-way for natural channels if
the flood plain remains as a natural open space. Dedicated
right-of-way for a constructed channel for minor and major
washes, i.e. 0100< 5,000 cfs, shall include the width required

for the channel plus a sixteen foot access easement on both sides

of the channel.

The requirement for an access easement on both sides of a

constructed channel may be waived by the County Engineer when the
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channel bottom width is greater than 20 feet or

of the channel are protected or determined to be stable.

when both sides

In this

case, only one access easement, 16 feet wide, will be required.

For major watercourses which have long duration
graphs, such as the Rillito, Pantano, and Santa
access easements should generally be 50 feet in
sides of the channel, but tnese may vary. These
are necessary for adequate channel maintenance.

The exact width of access easement required

mined by the type and extent of bank protection

flood hydro-
Cruz Rivers,
width on both

access easements

will be deter-

provided as well

as whether adequate turning movement is provided for maintenance

vehicles.

Standard Cross-Sections

The following standard cross-sections are being provided for

jllustration of the concepts outlined on the previous pages and

are applicable to the design of channels for minor watercourses.

Subdivision requirements should also be considered in the design

of any channel.
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CHANNEL CROSS-SECTIONS

N
A4

Right - of - Way

Right - of - Way

N

~
7
]
~ A ~
8% et 0 *, ".."l
POIIRE AT LA SPEY TRy T
LY R MR " . "'. R AP
ara e tlen e val 2NN L ':‘.‘,'.'",. --.‘.".-'...' .

or gunite for ol e
1! sides. TR 3 minimum
*may vary from vertical to flatter
with appropriate reinforcement.
Protected Sides With
Natural Channel Bottom
©) Wh‘ere bottom width >20' ® F<0.86 Freeboard = I' minimum
only one I6' easement
> yreqm red F20.86 Freeboard = éldﬂ!-;,

) minimum
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CHANNEL CROSS-SECTIONS

Right - of - wdy

&
- >
16' ,
€ > 16
- easementD < easement >
Fer 2o e e, o
';a";,"' ..."..':o.‘:..'. ) Z e
\\P
4" minimum 232\ T = osxm—d) N
‘r;mé&r‘fgd fc:cmcrete A _.."..,:_..-5:...-.-;:...-..'-.:,:. ostaraSnien ol 2w &« may vary from vertical
I:1 sides THTtINN R VLRt Te e to 2:1 sides  with

appropriate reinforcement

Concrete or Gunite
Lined Channel

(Excluding Control Structures)

Right - of - Way

N

t

16
easemen

Id
N4
*4:| sides moiimum allowed ¢| mlmmum. ’.--
steepness, 6:1 preferred (2-6" lifts)
Soil Cement Lined Channel
(Excluding Control Structures)
(D Where bottom width >20' @ Ff<os86 Freeboard = I' minimum®
only one |6 easement ‘
is required F20.86 Freeboard = ¢ w,%l,

I' minimum
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CHANNEL CROSS-SECTIONS

N

NS IR
.‘..:.‘;.".-‘_-. -;..",::. %" Single
8" lft
\ 1 d
3
®3:1 sides maximum .. +

allowed steepness, .:.‘.'{ )
6:1 preferred R r e O TEIM

SRR IR RIS

st it e [ Minimum Yol e, 0

2 -6"lifts

Soil Cement Lined Channel .
For v 00 € 15 fps,

Frequency 61 Flow Less Than -
5to6 Times A Year

NOTE: For drainage easements no longer than one subdivision lot
and with oms S50 cfs thess standard cross sections do not apply.
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SECTION IV

CHANNEL AL IGNMENT

Channel alignment affects the ultimate efficiency of the
channel to convey flow. Unfavorable alignments may increase
friction losses, cause siltation or scour in the channel, or
create additional adverse effects in the upstream or downstream
direction. This section shall outline channel alignment require-
ments and present technical details which will assist the engi-
neer in designing channel facilities. Areas to be covered shall
include general requirements, channel curvatures, transitions,

and junctures.

GENERAL REQUIREMENTS

Some basic concepts must be applied if a drainageway is to be
functicnal botn within the site boundaries and as part of an
area.-wide orainage pian. Tnese concepts incluge allowing for

proper downstream ana upstream controls, use of collector chan-

nels, and maintenance of channel bed slopes.

UPSTREAM AND DOWNSTREAM CONTROLS

whenever possible, the flow path should be planned so that it
may be logically expanded and/or enlarged at a later date in
either the upstream or downstream direction. Where a master
drainage concept is proposed, dedication will be required similar

to highway and street dedication so that a Master Drainage Plan

may be developed.
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COLLECTOR CHANNELS

Large portions of many areas in Pima County are affected by
nsheet flooding" (i.e., where the storm runoff breaks out of a
definea channel and spreads out across alluvial fans). Whenever
possible, offsite right-of-way should be obtained so that the
flow can be collected at a logical upstream point where the flow
is confined within a channel. However, this type of collection
is not always possible if the distance from the development site
to a logical upstream concentration point is too large. Where
collector channels must be used, the following are general

standards; however actual design will vary on_a case-by-case

basis to reflect site conaitions.

1. The ved slope and cross-section design of the collector
channel should be adequate to convey the expected 100-
year peak discharge with adequate freeboard provided for
aggragation in the channel.

2. where a collector channel is upstream of residences tne
finished floor elevation of adjacent residences, i.e.,
the first tier of lots, shall be raised to a height one
foot above either the collector channel bank or levee
along the downstream side of the channel. See Figure 1
for the required cross-sectional design.

3. Collector channels, where they are to be placed adjacent
to a street right-of-way, should be located on the up-

) étream side of the right-of-way, where possibie, to pre-
vent the flow from encroaching onto or crossing the

roadway.
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Flow

Figure 1-1V: Collector Channel Design
Cross -Section

h = Height of levee, ft.
d = Average depth of 100-year flow, ft.

*Levee shall be stabilized by soil cement, slope paving or
other appropriate methods.
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4. The outlet channel for the collector should be located
so that when the upstream area is developed, any future
channel may join into the downstream channel at a
logical location.

CHANNEL BED SLOPE

It should be recognized that channel alignment has a signifi-
cant effect on the channel bed slope. Wuite often the location
and elevation of the inlet and/or outlet is fixed, but variations
in the overall channel alignment can be maae which change the bed
slope. Channels should be aligned so that erosion and degrada-
tion are minimized. It is equally important, where the available
fall is less than 0.5 percent, that the channel alignment allows
for the steepest slope possible in order to minimize aggradation
within the channel. The engineer is referred to Section V which
addresses proolems of channel aggradation ana degradation.

Whenever possible, abrupt changes in the bed slope should be
avoided. Where changes are necessary, the change on the bed
slope should not cause the channel top width to vary by more than
fifteen percent.

Aoditionally, when flow within the channel is supercritical,
changes in the bed slope may result in a hydraulic jump. It is
therefore necessary that an engineering analysis be performed to
determine the existing flow regime, and to determine if a
hydraulic jump will form. Where a jump may occur, appropriate
design measures should be utilized. However, this condition

should be avoided.
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HYDRAULLIC JUMP

A hyarauiic jump occurs when flow changes rapidly from super-

critical to subcritical. When a nydraulic jump
lower staye supercritical flow impacts upon tne
critical flow, and the resulting turbuience and
dissipate the upstream energy. Hygraulic jumps
following changes in channel alignment:

i. At sudaen expansions;

2. Upstream of a sudden contraction;

takes place, the
nigher stage sub-
surface waves

may occur at the

3. At vertical cnanges in the channel alignment and

abrupt changes in bed slope; and

4. wnere a trioutary with supercritical flow enters

a channel which has a subcritical flow

regime.

where any of tnhese types of abrupt changes 1n the channel

alignment are proposed, it is necessary to determine if a

hydraulic jump will occur anag, if one does, the

of the jump must be determined.

characteristics

The approximate jump characteristics of length, height and

location should be determined. The exact location of the jump is

gifficult to pinpoint and may change as the hydraulic jump

develops. A jump cannot form unless the upstream Froude number

is greater than one. For supercritical flow, a hydraulic jump

will form if the flow downstream of the channel disturbance 1is

subcritical. Table I-IV snows the type of jumps that are pos-

sible for varying upstream froude numbers.

Iv-5
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TABLE I-IV. Types of Hydraulic Jumps

UPSTREAM FROUDE

NUMBER TYPE OF JUMP CONDITION

F<l None

1<F <1.7 undular jump change in flow depth

1.7 <F <2£2.5 weak jump rollers may form

2.5 <F <4.5 oscillating jump larger irreguidar waves

4.5 <F <9 steady jump strong smooth jump

F >9 strong jump large disturbances
downstream

As shown vy the table, when the flow has a Froude number
value of 1.7 or less, then disturbances to the flow or abrupt
changes in the channel alignment will have little effect on the
gepth of flow in the channel, but wave action increases as the
Froude number increases to one or greater. For Froude numbers
greater than 1.7, significant changes in the flow depth and down-
stream wave disfurbances may result from abrupt changes in the
channel alignment. 1In these cases, the engineer is referred to
the appendix for Section 1V for a description of jump character-

istics, jump height, and locations.

CHANNEL CURVATURE

Curves in a channel cause the maximum flow velocity to shift
towards the concave side of the bend. Along the outside of the
curve, the depth of flow is at a maximum. This rise in the water
surface is referred to as superelevation. The shift in the

velocity may cause cross-waves to form, which will persist down-
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stream when the flow is supercritical. Severe erosion, deposi-

tion and reduced channel performance resuit from severe curva-
tures in cnannel alignment. ToO minimize the eftfect due to
channel bends, channel curvature should only be used where topo-
graphic or otner congitions necessitate their use. if tie fiow

is supercritical, special designs may need to be employed to

eiiminate the uownstream effects.

LIMITING CURVATURE

The centerline rauius of curvature should be kept within a
maximum allowable range. In design of a channel alignment, tne
maximum degree of curvature shall be limited according to the
following criteria:

1. For subcritical flow, F <0.86, T > 3W. eq. 1-1V

2. For transitional flow going into critical to super-

criticasr fiow, F >0.86,

.2
r. >4 vV'w eq. 2-1V
gY

s, 1f I, > 10 W. the channel alignment may be

considered to be straight.

(References, Highways in_the River Environment,Hydraulic and

Environmental Design Considerations, Federal Highway Administra-

tion and Hydraulic Design of Flood Control channels, Army Corps

of Engineers).
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Figure 2-1V: Cross -wWave Pattern For Supercritical Flow
in A Curved Channel.

2
- VEW v
- W -
X= TonB 6q. 4 - IV.

sinB=@vY = + eq. 5-Iv

y = Depth of flow in channel, ft. X = Distance to first superelevation rise, ft.
W= Channel top width at water surface,ft. = Wave front angle, degrees.
1= Centerline radius of curvature, ft. © =Phase angle, degrees.

g= Acceleration due fo gravity, 32.2 fteec.  F =Froude number.
v = Average channel velocity, ft/sec. ‘
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0057




In the above equations,
r = centerline radius of curvature, ft.
W = top width measureg at the water surface, ft.

y = ageptn of flow, ft.

g = acceleration due to gravity, 32.2 ft./sec.
v = flow veiocity, fps
SUPERELEVATION

The rise in the water surface, or superelevation, is given by

the following formulas shown on Figure 2-1V.

Where: V = velocity of flow, fps
AY = rTise in the water surface, ft.
W = top widtn of channel at tne water surface, ft.
r, = centerline radius of curvature, ft.
g = acceleration oue to gravity, >z.2 ft./sec.

Note that the formulas are for rapid flow which is frequently the
case in Pima County.

DESIGN CURVES

It is necessary with curved élignments that acgitional atten-
tion be airecteu to the design of the channel.  The primary con-
cern is the reductiocn or elimination of the cross-waves which are
produced by the bend. Methods of designing curves include com-
pound curves, banking, multiple vanes and diagonal sills. Of
these hethods, compound curves or banking are recommended. Use
of multiple vanes and diagonal sills are restricted in use be-
cause of clogging problems when the flow carries debris. 1t is

suggested that diagonai sills only be used as a remedial solution

fur existing channels.

IV-9 |
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Compound curves

Lompound curves employ upstream and downstream transi-

tion curves that are designea to cancel out the effect

of the cross-waves pfoduced by the control curve. Com-

pound curves should be used:

a. when the freeboard above the superelevated water-
surface is less than one foot.

b. When it is necessary to eliminate cross-waves down-
stream, as when one channel bend follows another.

c. when the flow is supercritical in trapezoidal
channels.

Compound curves should have a turning radius equal to

twice the radius of the central curve (See Figure

3-~1V). The lengtn of the easement, LC' is determined

vy the following equations:

Lc = 0.32WV, gr Lg = _ W eq. 6-1V
3V | tanB
All variables are the same as those listea for equation
4-1V,
Banking

Channels may be banked to minimize the effect of the
curve. Warping the channel bed slope will produce the
desired water surface cross-slope needed to reduce the
céntripetal force. The equation for the channel bed

cross-slope is:

Ses = !_3 eq. 7-IV
gT'c )
where, S = cross-slope, ft/ft with all other vari-

Cs

ables the same as in equation 3-1IV. See Figure 4-1V for

Iv-10
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Figure 3-I: Compound Curve Characteristics.

L.= 032 %’-’- , Spirdl_transition.
Les ,7-.‘%3 , simple curve.

Le= Length of easement curve, ft.
re = Centerline radius of curvature, f1.
W = Top width of water surface, ft.
v = Flow velocity, fps.
"y = Depth of flow, ft.
B= Sin"(-'-), F=upstream Froude number.

F
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details for subcritical flow. The engineer is referred

to Open Channel Flow, by Henderson, page 255, for a

discussion on supercritical banking.

Since it is desiiable that the banking have a gradual
transition, the warping into the bend shoula begin at —
the start of the curve, with the warping then transi-
tioned back to the normal horizontal bed at the end of
the curvature.

Multiple Vanes

Thé effect of the force of the flow going around the
curve may be reduced by using concentric curve vanes to
agivide up the flow. This approach is not generally de-
sired because of problems with debris and high mainte-
nance cbsts.

Diagonal sills

Diagonal sills reduce the flow velocity around a curve
so that the downstream effect from the cross-waves is
diminshed. As with the multiple vanes approach, debris
is a problem when sills are employed. .For this reason,

they are not suggested for general use.

TRANSITIONS

Where an abrupt expansion or contraction occurs in a channel,

special aesign considerations must be given to the transition to
prevent an increase in the flow depth from backwater effects,

excessive velocities, hydraulic jumps or other disturbances.

- Iv-ll




Outer (i-
Bank !
|
|
|
|
I

SCS

"
<
6" [N

Scg = Channel cross -slope, ft/ft.
v = Channel velocity, fps.
g = Acceleration due fo gravity, 32.2 ftAec. .

Inner
Bank

rc = Centerline radius of curvature, ft.

OY = Change in depth of flow.
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Special transition designs are necessary whenever natural flow is
entering a constricted channel, or if channelized flow is re-
leased into a natural channel, or where there is an abrupt change
in the channel geometry. There may be other conditions super-
imposed on the transition reach that may affect the final

design. The following transitions are for the simplest cases
with all other features held constant. Condition§ may vary so
that additional requirements may be called for in the transition

design.

ENTRANCE TRANSITIONS

when the incoming flow is in a natural condition, it usually
has a much broader floodplain than the downstream constricted
channel. In order to collect the flow so that the abrupt con-
traction does not cause a backwater effect, which increases the
upstream flood hazard, a gradual transition should be employea.
As a maximum the transition angle between the upstream and down-
stream flow line in the channel anq transitioning levee or chan-

nel banks should be equal to:

8 = tan~ 1 J eq. 8-1V
3.375F. L

Where: € = transition angle, degrees.
F = upstream Froude number.

Oor, if flow is supercritical, wall flare transitions of 1:10,
For V <10 fps, or 1:15, for V >10fps may be employed. See the
appendix; page Iv-21.
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However, it is desirable that the transition angle 8 be no
more than 30 degrees. Special transition gesign techniques may
be utilized to transiticn the flow at an angle greater than 30
degrees only with approval of the Pima County Flood Control
District.

where the effect from backwater would be critical ang for all
major water courses, it must be demonstrated that the upstream
effect of the contraction is insignificant, i.e., the change in
the depfh of flow is less than 0.1 foot ana the velocity does not
change by more than 1 fps or 10 percenf of the original velocity
when it is jess than 10 fps. A standard backwater analysis or
HEC-2 analysis may be employed to demonstrate that the effect is
insignificant.

The effect from backwater will be considered critical if
structures are located upstream of the construction ana/or the
upstream channel does not have adequate freeboard. The analysis
must be pfepared by a registered professional civil engineer and
reviewea and approved by the Pima County Engineer.

As was noted in Section III, the bankfull discharge per unit
width in the natural channel (qn) should be approximately equal
to the discha;ge per unit width in the downstream constructed
channel (q_) for a flood of the same magnitude. This will

insure both equal flow and sediment conveyance for the average
flow events. |

The transition design described above 1is adequate in most

instances where flow is being contracted or where it is expanded




into a constructed cnhannel. However, where supercriticali flow is
being contracted and it is important to minimize downstream wave
action, additional requirements for tne transition angle, O, ana
tne transition lengtn, L, are necessary. In these cases, the
engineer is referred to tne accompanying appendix for more
detailed information.

EXIT TRANSITIONS

Unless flow leaving a site is entering a constructed drain-
ageway, the flow must oe returnea, as neariy as is feasiole, to
the pre-existing conaitions, i.e., natural, before it is dis-
charged from the site. This is to prevent advgrse downstream
effects, such as scour from increaseu upstream velocities, that
would otherwise be created oy higher discharges per unit width.
To accompiisn this purpose, the upstream channel flow must be
transitionea with an energy dissipator or the flow may be tran-

sitioned vover a lengtn, X, where

- !
. - !
X = o.65Fl[_(22 - [b.i]x[glilj Eq. 9-1V
Given: X = transition length, ft.
22 = maximum length of a iLine drawn perpendicular
from the projectea centerline to the natural

"flood plain limit, ft.

Zl = one-half of tnhe upstream channel top width,
ft.,
Fl = upstream Froude number

See Figure 5-1V for detail




—mmmm @

Natural Floodplain
Constructed Limit
Channel

Z|

=g

7 -}

e e e Y e e N~ Property

Boundary

Figure 5-IV: Transition Distance Needed To Allow The Flow
To Return To Natural Conditions.

X=6.5 F{Zy-072)

where X = Tronsition distance, ft.

22=M0ximum length of line drawn perpendicular
from projected centerline to intersection

with natural floodplain limit, ft.
" Zy= One-half of upsiream channel top width, f1.
F| = Upstream chonnel Froude number.
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INTERNAL CHANNEL TRANSIT1ONS

For internal channel transitions, where tne flow is to be —
expanded or contracted, a transition should be designed which
minimizes the fiow disturvances. Gradual transitions will reduce
the amount of heaa loss and minimize the height of the stanaing
waves.
Tne angle of divergence of this channel, U, should ve no -

greater than the value determined using equation 8-1V where

U = tan-i l—;..____?._-l.-?_.?g:} X
L?.3 B

Again, the desired allowable value of & is 30 degrees.

The required lengtn for the transition is,

Ly = AW ’ eq. 10-1V
2 tan-o )
where, LT = TJransition length, ft.
AW = Change in the flow width, ft.

These formulas are adequate for reducing disturbances with a
simple linear contraction or expansion. This type-of a transi-
tion is sufficient where flow is channelized in ‘both the upstream
and downstreamyreacn. Where the contraction in a natural stream
would cause a jet of water downstream or for a major structure,
such as a Dridgé, a more detailed analysis ang transition design
will be required. In the accompanying appéndix details for a
curvilinear transition are given for expanding flow where a down-

stream jet is anticipated.
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CONFLUENCES

where two channels join, the tributary flow should be turned
so that it merges essentially parallel to the main channel. 1In
any event, the angle of intersection, B, should not be greater
than 12 degress. Unger special conditions the angle of
intersection may be greater than 12 degrees, but only upon the
approval of the Pima County Flood Control District after it has
been demonstrated that the tributary and main flow do not in-
fluence one another or where other special design measures shall

be made to diminish the affect of the juncture on flow conditions.

For minor streams entering a major watercourse, it is pre-
ferable that the invert of the tributary be elevated and stabil-

ized 2 to 3 feet above the main channel invert to preclude

pbackwater and sedimentation in the minor stream. Where the main
channel is not bank protectead, this elevation drop should be
located usptream of the confluence at a agistance greater than the
predicted lateral migration limit of the unlined main channel

(See Figure 6-IV).

To design adequate junctions, it should be determined by a
hydrologic investigation whether the tributary and the main
channel will have hydrographs with times to peak which are suf-
ficiently similar so that both channels may be carrying high
flows at the same time. If that is the case, then the channels'

juncture should be designed taking into consideration the effect

IV-18
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Predicted
lateral bank
migration

\ Unprotected

channel bank

P

Plan view of tributary entering major stream channel

Protection
keyed into
channe! bank

AN

Cross-section A -A' stabilized drop upstream
of the predicted lateral migration

Figure 6-1V: Confluence Design Where A Minor Tributary

Enters A Major Channel With Unprotected Banks.
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of the upstream and downstream flow momentum. A detailed de-

scription of the procedure for balancing the upstream and down-

. stream momentum has peen included in the appendix accompanying

this section.

It should be noted that the design conditions stated for con-
fluences do not apply to small channels which may discharge their

flow into a main channel via spillways.
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APPENDIX

CHANNEL ALIGNMENT

when channel flow is supercritical, changes in the channel
alignment require special design considerations. Among those
conditions requiring detailied engineering analysis are: hydraulic
jumps; entrance transitions where the flow is subercritical;
curvililinear transitions at sudden constrictions, such as, at a
bridge, anu at the confluence of two tributaries which have

hydrographs with similar times to peak.

This appendix has peen included in order to present an in-
depth discussion ana design examples of hydraulic jumps, entrance
transitions with rapiﬁ flow, existing transitions, anq Junc-
tures. This appendix contains accepted methods for computing
design features; however, there are other methouus that may be

‘employed if appropriate applicability can be demonstrated.

HYDRAULIC JUMP

Where supercritical flow enters a hydraulic jump, the kinetic
energy term, vz/Zg, is the dominant component of the total
energy (See Figure 7-1IV). The balance of the upstream and down-
stream nydrodynami; forces and momentum flux, i.e., the specific
force, will be equal after the jump. The height of the jump may
be deterwined by using this relationship to set the upstream and

downstream specific forces equal to one another.

N
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Figure 7-1V: Hydraulic Jump

vy: Upstream velocity, fps

vo: Downstream velocity, fps

8% Upstream and downstream

sequent depths, ft.
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Therefore, —;%I———_ + Ay (ky,) = :iz + A, (ky,)
Where, Q = discharge, cfs
A = cross-section area, ft.
g = acceleration due to gravity, 32.2 ft/sec.2
Ky = distance to the center of gravity, ft.
y = depth of flow, ft.
K = 'constant, see table below.

Table 2-1V: Constants to determine the distance to the

center of gravity.

Channel Shape K

rectangular . 1/2

triangular l/}‘ v

: . ' (2 + b/zy)
travezoidal 1/¢ (TF5/zy) *

*z = side slope ft/ft

The initia; upstream condition may be substituted into the
specific-force equation 1I-1V to determine the depth of the flow
downstream and the height of the jump, which is the difference
between the upstream and downstream flow depths. The upstream
and downstream depths of flow are also called sequent depths.

The energy loss may be determined using the upstream and down-

1v-23 s x
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stream depths of flow and the following equation for the specific

energy,

eq. 12-1V

a 5

It is easier to solve for poth the energy loss and the

changes in depth using the graphical method shown in Figure

8-IV. A specific force curve, f, and a specific energy curve, E,
can be developed using the design discharge and various flow
depths and the corresponding cross-sectional éfeas. Because the
upstream force equals the downstream force after the jump, the
points of intersection of a vertical line drawn from the value of
the upstream force will locate the upStream and downstream depth
of flow. Horizontal lines drawn to the specific energy curve

will then yield the upstream and downstream energy.

For a rectangular channel'equation 11-1IV can be simplified to:

Yo/Y, = 1/2 [ \l 1 + 8F; ] eq. 13-IV

Where Fl = upstream Froude number
Yl =. upstream flow depth
Y2 = déwnstream flow depth

Figure 9-1V gives a graphical solution for values of F, the

Froude number, versus the ratio of Y2 to Y,, and Y2/Yl

Iv-24
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A Specific-Energy Curve A Specific- Force Curve
y -
-
&F ——————————————————————————————————
yc ——————————— o s - e e . - o ———
yl e e s e ——— o —— v e e e e G w— — —————
i
45°° g
: >
® for chamnels of > 2 f|
zer0 Or smol siopes - ~e - Q_
E-y¢2q ‘f Ag+kyA

E= Specific energy, energy per
- unit  weight.

OE = Energy loss

f = Specific force, force per
unit weight,

Q = Discharge, cfs.
A = Cross-sectional areq, ft.
f; = Upstream specific force.

H
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'Figuvre 8- IV : Hydraulic Jump Described With
~ Specific-Energy And Specific-Force Curves.

y = Depth of flow, f1.

y| = Upstream dapth, f1.
Yo = Downstream depth, 1.
Yo = Critical depth, ft.

yj = Height of jump, f1.

g = Acceleration due to
gravity, 32.2 ft/sec.
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Figure 9-1V: Hydraulic Jump In A Horizontal Rectangular Channel. (H.E.C.-14!}

)

Where Y = Downstream flow depth, ft.
Upstream flow depth, ft.
Fy = Upstream Froude number
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JUMP LOCATION

while it is important to know how high the jump will be, the -
location of the jump should be established so that a channel can
be designed whicn contains the flow along the total channel ' i
reach, Hydraulic jumps may be located by using backwater
calculation from the downstream control point and step forward
calculations from the upstream control point to determine the
approximate jump location. By trial and error; the water surface
profile must be re-computed until the upétream and downstream
flow depths equal those determined by equation 11-IV. It should =
be recognized by the engineer that determination of channel
roughness is not exact, therefore, practical minimum and maximum

limits for channel roughness should be used.

The jump length may then be found using Figure 10-1IV for

rectangular channels or Figure 11-IV for trapezoidal or triangu-

‘lar channels. (These figures were taken from the FHWA Hydraulic

Engineering Circular No. 14). Thus the limits of the jump loca-

tion may be established USing the jump length and approximate
location derived from the assumed limits for channel roughness.
For channels with bed slopes of less than 10 percent, the equa-
tions for horiiontal channels are still valid and may be used to
analyze the hydrauiic jump. For a complete discussion of
hydraulic jumps in sloping channels, the engineer is referred to

Chow's Open Channel Hydraulics and Hydraulic Engineering Circular

No. l4: Hydraulic Design of Energy Dissipators for Culverts and -

Channels.
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Figure 10- IV : Hydraulic Jump Length

For Rectangular Channels [H.E.C.- 14]
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Figure 11-1V: Hydraulic Jump Length
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SPECIAL TRANSITIONS

Special transitions, including curvilinear transitions, are
necessary where flow is supercritical or where downstream distur-
Lances must be minimized. While straight line transitions are
avequate in most cases, tnese types of transitions may not apply
in all cases. Special transitions shoula be used to decrease the

downstream effects of the positive wave front.

CONTRACT1ON

Linear

The total lenyth, L, requirea for a contraction depends on
tne change in channei wiotn and the wall deflection angle, O.
Where flow is supercritical and must be transitioned abruptly
into a culvert or other contraction, tne wall deflection angle
should be chosen so that any cross waves that are formed will oe
cancel- led. 1In this instance the equation previously given for
L,

L = -1 3 eq. l4-1V
Where tan 8 = L/(3.375F)
is still valid; however, € is determinea such that the following

equations are also satisfied so that cross-wave action is mini-

mized.
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by

2tanBl
b
L. = 2 eq. 16-1V
2 2tan(32—6T _
L o= Ly + 1L, eq. 17-1V . _ —

See Figure 12-1V for the definition of the variables which
are used in equation l4-1V through 17-1IV.

With supercritical flow in constructed channels, the fol-
lowing criteria for the design of straight-line transitions are

recommended by the Army Corps of Engineers in Hydraulic Design of

Flood Control Channels.

Table 3-1V: Recommended Convergence and Divergence

Transition Rates

Mean Channel Wallflare
Veloctiy fps (Horizontal to Longitudinal)
10 -‘15 1:10
15 - 30 1:15
30 - 40 1:20
EXPANSION

Expansion df supercritical flowvtakes place much more
gradually than it does at a contraction. For flow which is dis-
charged as a rectangular jet, such as downstream of a bridge, the
expansion of the flow can be reasonably described by the fol-

lowing equation: —

- Iv=31
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Figure 12-IV: Transition For Channel Contractions In Rapid Flow
To Minimize Cross-Wave Action.
b -
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L= Total transition length, ft. © = Wall deflection angie, degrees
L = Length to wave front intersection,ft. 84,89 = Wave front angle from the

. horizontal, degrees
Ly = Length from wave front intersection .
to end of contraction, ft. by, b3 = Channel width, ft.
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z -1 x % + L eq. 18-IV _
b, 2 B, F; 2

=

- g

o

]

o -
>

L}

= distance downstream, ft.
Fl = upstream Froude number. -
bl = upstream channel width, ft.
. - -

one-half the downstream channel widtn, b2/2, ft.

Equation 18-1V describes a curvilinear transition which is
sufficient to eliminate cross-waves without causing a large
change in the depth of flow at a normal cross-section. This
equation will, nowever, result in boundary walls which diverge
indefinitely. 1In order to limit the transition curve so that it —
gives practical results, but still creates as little downstream
disturbance as possible, the generalized transition curve shown
on Figure 13-IV may be used to transition expanding flow.

Table 4=1V gives the equations which represent the point of
curvature, PC, the point of reverse curvature, PRC, and the

point of tangency, PT.




Table 3-1V: Equations Approximating curves for an expanding
transition (U.S. Army Corps of Engineers, Hydraulic

Design of Flood Control Channels)

POINTS Z/b1 B§?1
PC : 0
. 2/3
11 (b2 19 22 |by _
PRC Fo) [-b—;} + 80 l’i-s- [ : ll—l
1 b 13 [ b,
PT 5 ?bl —4[—1-]:\ - 9/4
3/2
1 X 1 X
PC to PRC g [bIFl] + 3 0 to [m&] pRC
—-r ]
| b, X |_ X | X X
PRC to PT 35, 4 [—bl'F-x] b"'lF'il [blFJ) to (bm;
_ PRC PT
. sz] [ y/ ]
Where: - |5
|25, 1) pre
q = r
5., ()
_bIFlPT b‘F‘PRQ_
() - ()| (o) ()
|} 1F1)pq = \P1F1) ppe 16) \b1F1)ppe
r =
b, _ [ Z ]
2b, b PRC
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EXAMPLE
Given a channel where the flow is contracted by a bridge to

100 feet and will expana in tne downstream reach to 300 feet,
what is the ultimate upstream transition distance X? Compute the
transition curve where bl = 100 feet,~b2 = 300 feet and Fl

= 1.12.

1. The ratio of b,/D; is 3. The ultimate down-
stream distance is equal to X at PT.

) M
1. x _ _13 ‘-bz i_ 9
b, £, 4 [pl_j 4
x = [(200 (2) Q34 (3) - 9/4
X = 834 feet.

2. The transition curve shown on Figure l4-IV was computed
in the following manner.

POINTS Z/bl 2 X X
PC 0.5 50 0 0
PRC | 0.867 87 2.048 228
PT 1.5 150 7.5 834
PC to PRC* 0.538 54 - 50
0.6065 61 100
0.8015 80 ' 200
PRC to PT*  1.03 103 300
1.207 121 400
1.339 134 500
1.429 143 600
1.48 148 700

*Values are chosen for X between the range set by PRC and PT.

Iv-36
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CUNF LUENLE

At the confluence of two or more channels,

from the tributaries and the outgoing flow past the juncture

snould ve balancea to allow for the proper conveyance of the

the incoming flow

flow. Tne momentum ana continuity equations for the flow in the

trivutary and main channel must be balanced to insure proper per-

formance of the channels (See Figure 15-1V).

tion for flow in a rectangular channel at a juncture is:

2 2
Q3 4 DPj¥5
7

8Aq

Where

Qi + Qg cos © -+_B§zi_ eq. 19-IV
8A gA,
Ql = upstream fiow in the major tributary, cfs
Qz = wupstream flow in the minor tributary, cfs
QB = downstream combined flow, cfs
b, bz’ by = top widths of the respective
fiows, ft.
Yl’ Yz’ Y3 = depth of flow for the
respective channels, ft.
® = angle of the wall deflection
Al’ Az, A3 = area of the respective flows

the channels, ftz.

g = acceleration due to gravity 32.2 ft/secz.

For trapezoidal channels, the equation is changed slightly

account for varying channel side slopes and top widths. The

equation for a trapezoidal channel is:

2 2
Y
_3 Yg = Q1 + Q2 cos 0 +[ié§ + ZYI-W Y2 eq.
3 8A 8A, |2 3] 1
Iv-38
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Figure 15-1V: Trapezoidal Channel Junction
Basic Momentum Equction:

G R (3 o3I

gAs
Az Area, ft.a z: Side siope, Ht/ft.
y ¢ Flow depth, ft. 6= Angle of intersection, degrees.
b = Boftom width of chennel, ft. g= Acceleration due to
Q: Dhchﬂfm, cfs qui". 32.2 f'/m
Iv-39
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Where: 2Z = side slope, horizontal to vertical
- Bys Do, b3 = channel bottom widths, ft and

all other variables are the same as for equation

19-1V.

3 The assumptions used with the above equations are:

p— 1. The channel bed slopes are equal with no horizontal drop
| between the tributaries and main channel.

f- 2. The channel slopes are less than 10 percent. A more

_ detailed analysis is required with steeper bed slopes.

| 3. The water surface elevations are all equal at the junc-
™~ tion. This implies that the depths of flow are the same

if assumption number 1 is also met.
. 4. Flow is uniform at the junction.
— 5. The channel cross-sections have the same shape.
6. The flows are parallel to the channel walls immediately

- ‘upstream and downstream of the junction.

_ 7. The angle of the wall deflection, &, is equal to or less

than twelve degrees.

— With tranquil flow, all of the above conditions may be met.

o When the 0epth$~of flow in the side and main channels are dif-

- ferent, the backwafer effect caused by the difference is easily
”: transmitted upstream until the water surface elevations are
@ — equal. With supercritical flow, standing waves normally form at
7
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the confluence and the backwater can not be transmitted upstreanm,
but in most instances it may be generally assumed that the water
surfaces are equal. A hydraulic analysis should be performed in
order to determine if a hydraulic jump might occur which would

form a standing wave whenever the flow is supercritical.



SECTION V
CHANNEL STABILIZATION

Urbanization in Pima County has resulted in channelization of
storm runoff and encroachment into existing flood plains. Where
development is either high density res;dential, industrial, or
commercial, the natural watershed and drainage patterns nave been
radically altered. The general topography for Pima County is
relatively steep, especially in the Tucson area. Therefore, when
storm runoff, which generally flows in braided streams or as
dispersed sheet flow, is concentrated in channels the resulting
velocity increase can cause severe erosional problems. In an
effort to reduce property damages, some type of bank protection
is often required to stabilize man-made channels. Criteria for
protection have been developed for urban areas. These methods
have been applied in Pima County with modifications being made
over time to adjust the criteria to the conagitions existing in
Pima County. To clarify drainage aesign standards, the following
discussion will outline how the neéd‘for channel protection
should be determined, what the exceptions or speéial cases are,
and what areas will require further study before an adequate
standard can be.applieo. An appendix has also been included to.
provide the engineer with technical references and information
regarding the design requirements.

This section was written to delineate areas which have
significant erosional hazards requiring some form of bank protec-

tion and to state the policy of Pima County for reviewing channel

V-1
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designs. Tnhe information presented is only meant to be used as a

guideline ana it should be remembered that not all channels will

require stabilization. For design and construction of bank

protection, channels and encroachments, it will be necessary for
a hydrologic and hydraulic analysis to be performed by a
registered professional civil engineer and acceptea by the Pima

County Engineer.

DETERMINATION OF CHANNEL PROTECTION REQUIREMENTS

In order to define the design requirements for channel
stabilization, a complete hydrologic and hydraulic report should
be prepared by a registered professional civil engineer and sub-
mitted to the Pima County Flood Control District for approval.
The following standards are normally applied in the review pro-
cess for channel designs and should be utilized by the engineer
in designing drainageways.

Where stream channels are left in their natural state, bank
stabilization in most cases is not required. However, once a
stream's natural flow characteristics are altered, a determina-
tion must be made as td whether bank protection will be necessary
to maintain the channel and prevent excessive erosion. The cases
where earthen channels are not appropriate and bank protection
shall be required are:

1. Wwhen channel side slopes are steeper than 3:1 in non-
cohesive soils unless approved soil analysis demonstrates steeper

side slopes are stable; or,
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2. When channels are constructed in fill slopes; or

3. When the constructed channel velocities for the lO-year
floou exceed the force required to erode the particular soil type
of the area. Stancard charts, by the Army Corps of Engineers,
Soil Conservation Service anag others, which show the grain size
versus the basic velocity at which the particle is moved, should
be employed unless natural vegetation is sufficient or is added
to maintain the channel configuration. 1Included in the Appendix
are charts to determine allowable velocities. Other factors such
as the channel alignment, bank-slope and depth of flow are to be
used to modify the basic velocities and determine the allowable
velocities for unprotected earthen channels.

For isolated builaing pads where encroachments into an
existing 1l00-year flood plain utilizing fill are involved, bank
protection should be provided. However, as long as it is deter-
mined that the stream channel will not meander, encroachments
into overbank flow areas or in sheet flow areas do not require
- protection if it is demonstrated by an engineering analysis,
which is accepteu by the Pima County Flood Control District, that
the depth and velocity of the 1l00-year flow will not cause sig-
nificant erosion.

It shouldAbe recognized that tne items listed above are not
necessarily indepéndent of each other when making an evaluation

as to the need for stabilization.
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ACCEPTABLE STABILIZATION METHODS

The type of stabilization used for a particular channel will
depend on many factors including flow conditions such as veloci-
ties, depth of flow, soil type, economic factors, availability of
materials, and compatibility with existing stabilization mea-
sures. A variety of protection methods are acceptable, including
the use of vegetation cover, when designing channels which are
acceptable for particular stream classification or land use. The
types of bank protection and/or channel lining that have been
found to be acceptable to Pima County are:

1. Soil cement used to either pompletely line a channel or
to armor the channel sides. In addition, it may be used to pro-
tect fill areas which encroach into a floodplain or areas where
sheet flow is being transitioned into a channel by a dike.

The degree of protection can be varied by changing the side
slopes from 1l:1 with horizontal lifts (normally 8-foot-wide
1lifts, which provides the maximum wall thickness), to 3:1 slope
paving for areas where less protection is required, such as en-
croachment into shallow flooding zones where slope paving with 8
inch lifts will be used. However, if the appropriate type of
spil is not available on site, then the cost of importing accept-
able material may make this method economically infeasible.

2. Asphalt ﬁ;ving is acceptable only for small drainage
easements, less than 15 feet wide, spillways, curbcuts, or other

flowage ways, between single lots to carry flow to or from
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streets. In Pima County's hot arid climate, asphalt will deteri-
orate in time and provides only a limitea amount of protection.
Large volumes of flow and high velocities can erode the asphalt
lining causing damage and maintenance problems.

3. Gunite or concrete fully-lined channels should be used
where the flow velocities are very high, channel gradients are
steep and the soil is non-cohesive. while the cost of this type
of bank protection is high, it uses the smallest amount of land
and has very low maintenance requirements. Using either this
type of proteﬁtion or soil cement to completely line a channel is
the best means of maintaining a fixed bottom slope where the
natural graogients are steep and/or degradation of the channel is
expected.

4. Gunite or concrete lined sides with natural bottoms are
acceptable where an engineering analysis shows that the flow
velocities would erode the banks and where channels are built in
fill material. If degradation of the channel bottom is expected
pecause of a mildly steep gradient, then grade control structures
should be used in conjunction with the lined siqés to stabilize
the channel bottom. On steeper slopes more grade check struc-
tures are required making it less economical than totally lining
the channel. This type of protection is usually cheaper than
fully lining a chéﬁnel ang it will also keep channel velocities
lower than in fully-lined channels so that the downstream ero-
sional p;oblems will be reduced. See page 25 and 29 of the
Appendix for a description of the method for determining stable

channel bottom slopes and cut-off wall design and placement.




5. Riprap protection includes dumped rock, rock filled
gabions and grouted riprap. Normally, riprap is used to protect
unstable banks but it can also be used to reduce the flow velo-
city in channels or at culvert outlets. A good source of rock
for riprap does not always exist. Therefore, when adequate rock
cannot be obtained, the available rock must be either grouted or
enclosed in a gabion; or another form of bank profection must be
used.

6. Any other method approved by the Pima County Engineerﬂ
Any of the above mentioned forms of bank protection require that
they are adequately keyed into the banks at the upstream and
downstream ends ana that the flow is smoothly transitioneg into
the channel to prevent a backwater effect and then released at
the downstream end in a manner which does not harm the downstream
owners. If the method utilized for bank protection is one which
leaves the channel bottom unprotected, then the bank protection
‘must be toed down below the channel bottom past the depth for
‘general scour (See Appendix.) In all cases, bank protection is to
be provided for the design peak discharge, or to the top of bank
where side inflow occurs. (See Section I1I for freeboard

requirements).

SPECIAL CASES REQUIRING STABILIZATION

It is often difficult to set one standard which applies to

all cases. There are occasions where channels are constructed in
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such a manner as to cause special hydraulic problems. The fol-
lowing is a list of cases where additional engineering analysis
will be required in oruer to decide if bank stabilization is to
be required.

1. The proximity of a building to a natural channel which
has a high erosion potential. Natural channel banks may have a
higher erosion potential if they lack vegetation,~have side
slopes at or steeper than l:1 and are composed of loose un-
consolidated material. Natural channels usually have unstable
side slopes where degradation of the channel bottom causes
sloughing of the sides or sloughing at natural bends along the
streams course. When bank protection is not provided for a major
watercourse with straight alignments and where no unusual hydrau-
lic conditions exist, a setback of 300 feet for buildings is
required, unless demonstrated to be stable. However, a setback
has not been getermined for minor channels. Refer to Section IlI
for building setback requirement details.

2. Culvert outlets may require energy dissipators or
training dikes to spread and direct the flow. 1If the outlet

velocity is less than 1.5 times the natural stream velocity, then

protection is not required. When outlet velocities are greater
than 1.5 times but less than 2.5 times the natural velocities,

dumped riprap, splash pads, etc., should be used, unless the

outlet velocity is alsoc greater than 10 fps, then wire tied or

fully grouted riprap is required. In rocky soil, a cutoff wall
may be substituted for the dumped riprap in order to allow a

natural rock basin to form without endangering the structure.

V-7
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Whenever the outlet flow velocities exceed 2.5 times the natural
flow velocities‘some type of energy dissipator is needed (See
Chapter VI, Culvert Outlet Protection). These standards were
developed by Arizona Department of Transportation for drainage
basin in excess of 64 acres.

3. When training dikes are used to transition sheet flow
into a channel, or for the expansion of flow from a man-made
channel, back to natural conditions.

4. At the junction of two channels. In addition, the flows
should be turned so that they aré, if possib{e, approximately
parallel at the confluence, but at no time should their angle of
confluence be greater than 12 degrees. Small local drainage in-
lets may be constructed at right angles to the main channel, but
in all cases adequate stabilization of the spillway is required
(See Chapter IV, Channel Alignment).

5. At bends in natural or man-made channels, erosional haz-
ards may exist because of the increased shear stresses and trac-
tive forces on the channel sides and bottom and bank protection
may be required for that reach of the channel. .However, when the
centerline radius of curvature is a minimum of 10 times the chan-
nel top width,‘then the bend can be ignored and the channel
treated as if it has a straight alignment at that location.
Therefore, if it ig determined that the straight portion of the
channel is stable, no bank protection shall be required. When
the channel does require bank protection, the degree of protec-
tion at a curve would not have to be increased beyond what is

required for a straight reach, if the ratio of 10:1 is observed.




APPENDIX

STABLE CHANNEL DESIGN

To assist the engineer in applying the design criteria for
channel stabilization set forth in Section V, a list of suitable
references and technical information is being provided.

REFERENCES:

The following list contains the acceptable references for use

in desiéning stable channels and for calculating sediment trans-

port and scour.

1. Bank and Shore Protection in California Hignhway

Practice, California Department of Public Works, November, 1979.

2. Brater, E.F. and H.W. King, Handbook of Hydraulics, éth

ed., McGraw-Hill, New York, 197e.

3. Chow, V.T., Open Channel Hydraulics, McGraw-Hill, 1959.

4, Chow, V.T. (ed), Handbook of Applied Hydrology, McGraw-

Hill, New York, 1964.

5. Design of Small Dams, 2d, ed., U.S. Bureau of

Reclamation, 1974.

6. Design of Stable Channels with Flexible tinings,

Hydraulic Engineering Circular No. 15, Federal Hignhway
Administration U.S.D.O.T.

7. Hydraulic Design of Energy Dissipators for Culverts,

Hydraulic Circular”No. l4, Federal Highway Administration,
Uu.s.nb.0.T.

8. Henderson, F.M. Open Channel Flow, MacMillan Publishing,

New York, 1966.

Ma%\f/




9. Morris, H.M. and J.M. Wiggert, Applied Hydraulics in

Engineering, John wiley and Sons, New York, 2d, ed, 1972.
10. Ricnardson, E.V., D.B. Simons, S, Karaki, K. Mahmooa and

M.A. Stevens, Highways in the River Environment and Environmental

Design Considerations, Training and Design Manual, Federal

Highway Administration, u.s.n.0.7., May, 1975.

11. Rouse, H. (ed), Engineering Hydraulics, John Wiley and

Sons, New York, 1950.

when submitting designs to Pima County for approval, the
engineer should site the references and pages used on all design
calculation sheets. Table 1 below is being furnished to facili-

tate the use of the references presented.

Table 1-V

Important Topics Concerning Stable Channel Designs

TOPIC REFERENCES
.General Information 3,4,8,11
Open-Channel Design : 3,6,8,9,11
Scour 7;10,11
Energy Dissipafors | 7,11

Bank Protection - 1,10
Channel Transitions and Curves ‘ 7,9,11
Sediment Transport 8,9,10,11

TECHNICAL INFORMATION

The equations and technical information that may be employed

in Pima County in designing channels with stable slopes and banks




are given on thé followiny pages for minor watercourses (less
than 5,000 cfs). These have been compiled for use because the
necessary information is not readily available. Other methods
for determination of stable channels may be used with approvai vy
Pima County. Where possible, references for the material
presented snall be notea and an example given. If information
regarding the derivation of a formula is desired, it can be

obtainea from the Pima County Fiood Control District.

ALLOWABLE VELOCITY FOR EARTHEN CHANNELS

The allowable velocity for an eartnen channel is a function
of the channel aliynment, channel side slopes, depth of flow, bed
particle grain size and water quality. The following charts and
standards have ueen ueveloped by the Soil Conservation Service

(SCS) for use with a gesign flow equal to tne i0-year peak

discharge. In determining the basic velocity at wnich sediment
movement and ervsion begins, a discrete particle size of 075 is
employed by SUS as the representative grain diameter.
Procedure:

To getermine what velocities will cause a given channel to
scour, the basic velocity, Vb’ is determiﬁed using the 075
particle size; and the chart shown in Figure la-V. 1In the
absence of sieve dnalysis results for 075 the engineer shall
use 075 equal to 4mm. This value is an average value for 075
taken from various sieve analyses in Pima County. The basic

velocity is then adjusteu using correction factors for channel

alignment (A), bank slope (B) and depth of flow (D). These cor-

v-11 _ i
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rection factors are shown on Figure lpb-V, Figure ic-V, and Figure
1d-V respectively. (Correction factor B should only be used
where the soil is in discrete particles as 1t would be in fill,
i.e., unconsolidatea material).

For a given channei using the gesign flow parameters, the

allowable velocity, V in an unprotected earthen channel can

a’
be determined using equation l-V: -

v \

a b

x Dx A x B; for Qlo eq. la-Vv
or

Va

Example (l): What is tne allowavle flow velocity for a chan-

1.6 x Vb x D x AxB; for Qloo eq. l1b-V

nel carrying clear water tnat is designed for the Qlo?
Given: 1) Alignment is straignt
2) Deptn of flow = 3 feet
%) Side Slopes = 3:1

4) 075 = 4 mm, assumed because soil data was
not available. ’
- Then: Vb = 2.5 fps
A = 1.0
B = 0.86
D = 1.01
V. = 2.5 x 1 x 0.86 x 1.0l
V, = 2.17 fps

if the flow were sediment laden then,
Vb = 4.0 fps

and,

V-12 o ‘ -
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BASIC VELOCITY - fps

ALLOWABLE VELOCITIES FOR
UNPROTECTED EARTH CHANNELS

Grain  Size in Inches
1 1 1 1 2 46805
8 4 2 4 | 11111

FINES SAND
130 -

GRAVEL COBBLE

120

1.0 -+

7

f Enter chort with 75 par

100 to deiermine basic

90

ticle size ‘ I

8.0

70 ’
6.0

50
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1y
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30 I

i i
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00 |
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oot GO5 O 05 1D
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GRAN SIZE IN MILLIMETERS

BASIC VELOCITY FOR DISCRETE PARTICLES OF EARTH MATERIALS (vb)

ALLOWABLE VELOCITIES FOR UNPROTECTED EARTH CHANNELS

CHANNEL BOUNDARY MATERIALS

ALLOWABLE VELOCITY

DISCRETE PARTICLES
Sedimen! 'aden Flow

075 > 0.4mm
O4g < 0.4mm
Sediment Free Fiow

Des > 2.0mm

075 < 2.0mm

Basic velocity chart volue xDxAxB
2.0 fps

Basic velocity chart vaiue xDx Ax B
20 fps

Figure lo-V: Basic Velocity Chart
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4.0 x 1 x 0.8 x 1.01

<
1]

3.48 fps. -
 For a quick check to determine tne allowable velocities for

G, in channels of non-cohesive coils, such as those found in

alluvial channels in Pima Couunty, the following formuias may also

be employed.

V. = 2 Yo‘b; Y 2 ft. eq. Z2Za-V

a .
v, = 2.5v9°2, v 2 ft. eq. 2b-V
Where: Va = allowable velocity, fps

Y depth of flow, ft ”

Therefore, if Y = 3 feet as in example (1):

Va=2(3

va = 3.40 fps ; \'s

Where channel velocities are expected to exceed the allowable

velocity, appropriate measures must be taken to stabilize the

~channel.

EQUATiONS FOR STABLE SLOPES AND CHANNEL DESIGN .

Degradation ana aggracation of channel beds are a ma jor proo-
lem in Pima County. Where stream velocities are too great, as
determined by the ‘allowable velocity (see pages V-12 - V-17),
erusion will cause the channel to degrade until, with time, the
ped slope is reduced to a stable or "equilibrium" slope. If,
however,-the channel slopes are too flat to carry the sediment

load, deposition will occur and thereby reduce the channel's

V - l 6 ) o




: f

capacity. It is, therefore, essential that channels are con-
structed at slopes which will adequately carry the sediment load
without causing erosion. The following equations may be utilizea
to estimate values for the stable channel slope and the necessary
channel geometry to prevent stream bed degradation. Where
factors limit the design slope to one which is greater than the
equilibrium slope, the channel shall be completely lined; or,
grade control structures shall be used in conjunction with
stabilized banks. These equations are for the design of channels
for minor watercourses.

Clear Water Equation:

The following equations should be utilized only in urban
areas whicnh generate essentially clear runoff, i.e., land use
densities whicn exceeds 5 residences per acre and where the
upstream channel sides and bottom are protected against erosion.

These equations do not apply if channels are unlined or are

natural.
s =[1.45 n ]2 '
C —am eq. 3-v
v = 2vy8-> ' eq. 4=V
V = (aq)o"33 eq. 5=V
Y = (0.5q)0'67 eq. 6=V
qQ = 2yl-2 eq. 7=V

V/ A




Where: q discharge per unit width, cfs/ft
V = velocity, ft/sec
n = Manning's roughness coefficient
Y = Hydraulic depth, ft
Sc = Channel bed slope, ft/ft
For information concerning the above equations, contact the

Pima County Flood Control District.

Procedure:
Because it is the mean annual flood which primarily shapes a
channel, the above equations should be utilized with the flow

parameters for the 2-year peak discharge. Estimates of the

2-year peak discharge can be determined using the approximate
ratios for lesser flood magnituce to the 100-year flood given on
page 135 of "Hydrology Manual for Engineering Design and Flood
Plain Management within Pima County, Arizona."

The engineer should first establish that the velocities
exceed the alluvial flow velocities. Equation 4-V is equation
2a-V previously given in the section on allowable flow velocity.
This equation can be used with equations 5-V, 6~V and 7-V to
calculate the design parameters necessary for a non-scouring
channel. The sfable design slope can then be arrived at using
equation B-V and th; discharge per unit width. Where channel
geometry and slope are fixed by other constraints, the stable
slope given by the equation will allow the engineer to determine

if the design slope is stable or whether the channel must be

V-18 &
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lined or graue controls provided. Where grade controls are used
the stable slope should also be used to determine the necessary
number of cutoff walls and their locations.

Example (2): what is the stable channel slope for a channel

being'designed in an urbanized area where the upstream channel is

also completely lined?

Given: 1) Qg = 450 cfs
QZ = 90 cfs
Channel slope = 1%

n = 0.021 for concrete sides with a natural bottom
Sideslopes = 1l:1
Bottom Width = 20 ft

Using Manning's equation for uniform flow yields;

Y = 0.75 ft. V = 5.6 fps
W = 21.5 ft. Q = 90 cfs
A= 16 ft.2 q = 4.3 cfs/ft

Then for a stable slope;

s, = |1.45 (0.021) 2
(4.3) 0.11
s, = 0.0007

Since Sdesign = 0.01 Sstable = .0007, the channel must
be completely lined or designed with lined sides and grade check
structures. Or, the channel could be redesigned so that the dis-

charge per unit width is equal to the value determined by equa-

tion 7~V.

V-19 \
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Stable Slope Equation Considering Sediment Transport

The equilibrium slope equation presented below attempts to
balance the sediment discharge between the upstream and down-

stream channel reaches. The calculated slope will not neces-

sarily define the stable slope, but will only guarantee that the

incoming sediment supply equals the outgoing supply. For this

reason a comparison should be made of existing stable channel
designs within the area. 1f the equation is applied in én area
where existing comparable channels are essentially stable, then
the slope which is calculated by the formula below should be
similar in order to maintain the same equilibrium which

previously existed.

Given: 2 1.4 0.5
L nj wn n
Where: Su = Stable equilibrium slope after urbanization,
ft/ft
Sn = natural slope or existing stable slope, ft/ft
Nu = Manning's roughness factor for‘urbanized
conditions.~
Nn = Manning's roughness factor for natural
| conditions.
Qwu = Zlyear peak discharge after urbanization, cfs.
wn T 2-year peak discharge before urbanization, cfs.
T, = 2-year top width, urbanized, ft.
T, = 2-year top width, natural, ft.
R =

reduction factor for sediment supply.
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The apove equation was developed Dy equating the sediment
transporting capacity in tne upstream reach to the sediment dis-
charye capacity unuer future urbanized conditions.

The engineer must also getermine if the channel velocities
exceed the allowaule erosion velocity, page v-11, and if
comparable channels have similar existing slopes. Because
urbanization will decrease the available seaiment, a sediment
reguction factor, R, which varies as a decimal fraction from U to
L, 1s applied to tne eguation. The reduction factor corresponds
approximately to the change in the upstream channel anu basin

conuitions. This factor should only be employed where the per-

centage of imprevious cover in the upstream basin is high

(greater tnan 50%), Or wnere dams, gravel pits, etc. woula reduce

the downstream seciment supply in the channel.

o
The equation remains valid and woulo De useful in the fol-

towing types of problems:

1. where a portion of a drainaye basin is to ve urvanized
even if no channelization occurs.

2. Where the upstream area is no longer natural, but may
still be considered to be in equilibrium or stable.

3. Where both the upstream and downstream areas have the
same basin covér, but a change in the channel bed slope, either
natural or manmade, could make the channel unstable.

4. When encroachment will take place which will change the
channel top width.

5. To determine if siltation will take place.

0704




Example (3): It has been proposed that a stream be chan-
nelized from the river to an existing channelized section up-
stream. The upstream channelized reach is stable and has not
aitered significantly over a period of many years. While the
proposed section will have a 2% slope and a narrow channel, the -
existing upstream section has a 1% slope and a less confined
channel cross-section. Additionally, the entire catchment area
containing both portions of the channel has been developed for
one residence per acre (20% impervious) with earthen channels.
Using Figure 2-V and the information listed below, the equilib-

rium slope is calculateu as folliows:

UPSTREAM DOWNSTREAM

CHANNEL CHANNEL
Mean annual flood, Q2 500 cfs 500 cfs
Channel Shape | ‘ trapezoidal trapezoidal
Channel Slope 0.01 0.02
Channel resistance (n) 0.025 0.025
Channel base width | 20 ft 10 ft
Side Slopes 2:1 2:1

Using Mannings equations for uniform flow:

Y,ft T,ft A, ft2 V,fps Q,cfs _
Upstream 2.3. 29.08 55.7 9.1 500 -
Downstream 2.6 20.44 39.7 12.6 500 -

Then using equation 8-V:

V-22 ) ; -
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Fiqdre 2-Y: Physical Layout Of Design Example
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s - 500 -1.4 20.44 0.5 (0.01) -
d o 025 29.08

0.0084 where Sd_=

S2

Recalculatiny the downstream depth.of flow using S = 0.0084

for Q 500 cfs:

Y = 3.25 ft. T = 23.00 ft. A= 53.7 ft.?2 V = 9.2 fps

_123.00 0.5

then, Sy = [9.08 (0.01)
Sq = 0.009
sS4 = 0.01

Usually, one iteration provides a sufficiently accurate
value. Therefore, the downstream channel should be constructed
at a 1% slope to prevent erosion unless the channel is fully
lined or grade control structures are installed in conjunction

with lined banks.

Cut-0ff Wall Design

I. Reach Length

where a channel is located on a slope which is steeper than
desirable, cut-off walls allow the stream to‘naturally gegrade to
the stable "equilibrium“ slope between the walls while main-
taining the integrity of the channel'provided that the banks are

linea. The amount of ultimate drop which will exist downstream




g

of each is controlled by the reach Lengtn between each cut-off
wall. The top of the cut-off wall should be placed at the

existing invert with the placement of the wall determined by the

following equation:

L = 100h eq. 9-V
Si-S

wnere: L Reach Length vetween walls, ft.

h = Height of ultimate drop, ft.
Si = Initial slope, in percent.
Sf = Stable siope, in percent.

If the initial and final slope values are approximately the
same then Lr will vecome excessively large and grade control

mdy not be required.

The ultimate neight of a cut-off wall above the downstream
channel invert snould not exceed 2 feet, nor should the cut-off

walls be spaced closer than 50 feet.

1I. Depth of Scour

The deptn of scour below the cut-off wall shoula ve deter-

mined using the foilowing equation from Design of Small Dams, in

conjunction with the 100-year discharge and the channel pottom

width:
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D, = 1.32[9£] 0.225 ;0.54 ‘eq. 10-V

Where: DS = Maximum scour measured from the top of the -
tailwater, ft.
q = Discharge per unit width of channel bottom
width, cfs/ft. —
Ht = Total head measured from the upstream energy
. grade line to the downstream energy gradeline,
ft (See Figure 3-V).
Equation 10-V was used to develop equation 1ll-V below which

will directly provide the depth of cut-off wall (Dcw) required

for a given drop (n).

L
- - r -
Dcw = 0.06 g + 3h 50 + 1.25 eq. 1ll-v
Wihere: Dcw = depth of cut-off wall, ft.
q = discharge per unit width of channel bottom

width, dfs/ft. B
n = ultimate height of arop, ft. This is the
desired drop ana should vary from O to 2 feet.

L, = Reach length, ft.

If the depth of the cut-off wall calculateo is negative, then
the reach length between the walls is excessive and grade

controls may not be necessary.

PROCEDURE:
The stable channel slope should be calculated using equation
3-V. This is assumed to be the ultimate slope or final slope -

between the cut-off walls. A drop height (0' - 2') is then

o7
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Figure 3-V: Depth Of Scour For Flow Over A Cut-off Wall

EGL, = Energy grade line upstream h = Height of drop
EGLq= Energy grade line downstream  TW = Tailwoter
'Hyy, = Velocity head upstream Y. = Critical depth{assumed gt brink)
Hyg = Velocify head downstream Dg = Depth of Scour
Hy = m‘r;emcd mﬂffz:nmmw:gﬁas Dyg= Ultimate length of toe down
or cut-off woll Doy Totol depth of cut-off wall
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chosen and the cut-off wall spacing or reach length between walls

(Lr) is determined using equation 9-V and the existing slope.

The discharge per unit width should be calculated using the chan-

nel bottom width and the 100-year peak discharge. vThen, using

equation 11-V, the length of the cut-off wall can be determined.
Example (4): Using the information from example (2), and a

height of drop of 2 feet, determine the placement and depth of

the cut-off wall.

Si = 1% h = 2 feet

Sf = 0.07% q = 22.5 cfs/ft
Using l.r = %%gé%)

_ 100(2) _
Lr = =507 - 215 feet.

Using equation 10

D = 0.06(22.5) + 3(2) - 2% 4 1.25

cw . . I“‘o-b’ .

Dcw = 6.45 ft. = 6 ft.

The value of Dcw derived by the equation may be rounded off

to the nearest foot. If S¢ had equalled 0.8% or greater, then

‘the value of Dcw would have been negative. 1In that case the

difference between a 1% initial slope and a 0.8% final slope
would not warrant grade controls.

The total length of a cut-off wall shall be a minimum of 3
feet and maximum of 6 feet. If the cut-off wall value is not
within this range, modification of the channel design or wall

spacing is required.




I11. Design Channel Deptn

7o determine the correct depth of channel required to contain
tne 100-year peak discharge under the ultimate conditions, or
during the initial conditions, the design channel depth, as mea-
sured from the top of the cut-off wall, must equal the largest of

the following values:

(a) Cqy = 1.25 Y, eq. 12-v

(b) Cq = Yj + Freeboard as getermined from eq. 13-V

Table 2-V

Where: C_, = calculated channel depth, ft.

d

Yc = critical depth, ft.

h = height of arop, ft.

Yi = initial depth of flow before degradation

begins, ft.

See Table 2-V below for values for freeboard:

TABLE 2-V: Freeboard Requirements'for Various Flow Reyimes

FLOW FROUDE ‘ MINIMUM*
REGIME * NUMBER FREEBUARD ALLOWED
Tranquil F < 0.86 1

Near Critical

or ... = . 1 v?
Super-Critical F > 0.86 z |Yt T 1
y depth of flow, ft.

v velocity, fps

g = acceleration due to gravity, 32.2 ft/sec.
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*where the depth of flow is less than three feet the minimum
of one foot shall not apply rather therreeboar% may be deter- -
mined using the equation of freeboard 1/6 (y +§;-).

Example (5): From example (4) where h = 2 ft., q = 22.5

cfs/ft, Lr = 215 ft, what is the design depth for the channel? —

2
.V
a) Yc = = "
Y = 3
¢ vV g2/9
Y, = 2.5 ft. ]

Cy = 1.25 (2.5) = 3.13 ft. from eq. 1ll-V
b) From example (2) n = 0.021, S = 0.01 o
Qg0 = 450 cfs, then using Mannings equation

Y, = 2.0 ft., V = 10.14 fps, F = 1.26

Freeboard

i/6 [2.07 +  2.07 + (10.14)°
3(32.7)

0.6 ft.
Cd = 2.0 + 0.6 = 2.6 ft.
The value 3.13 feet is the largest, therefore, the design

channel depth shall be no less than 3 feet. -

GENERAL SCOUR EQUATIONS

General scour refers to the horizontal and vertical changes
which occur inAa stream channel during a particular flooa event.
The following geneéal scour formulas may be used as a guide in
predicting the expectea depth of scour and bank erosion width
causeo by a given flow event. Where piers or pipeline crossings
exist, which will cause local scouring, other analyses are neces-

sary to determine the total scour which is summation of the local

V=30 \ -
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and general scbur. Long term degradation of the channel bed must

also be considered if the'bed slope if unstable.

In cases where the depth of scour is less than 3 feet, then 3
feet must be used as a minimum. 1f the channel is unstable or if

changes in the top of width, expected land use, or discharge

~ could occur ‘which would cause a change in the present slope, then

additional toe-down would be required to account for long-terh
degradation.

For subcritical flow in minor and major washes the bank
protection toedown should be one half the adepth of flow with 3
feet used as a minimum value.

Depth of toedown for major watercourses shall be determined
by sediment transport ssudy with consideration for local scour
and regional long-term degration. All design work in a major
water course should be substantiated with detailed hydraulic
analyses. Accepted standards for design are to provide a minimum
toe-down depth of not less than seventy-five percent (75%) of the

normal depth of flow or ten (10) feet whichever is greater.




SECTION VI

ROADSIDE DRAINAGE

Roadways and/or street right-of-ways are often subjected to
flooding either by runoff transportea in the streets or at drain-
age crossings. The following policies- concerning roadside drain-
age have been developed to reduce the hazards associatea with
storm runoff carried within or across a roadway and to provide
maximum safety to the motoring public. The criteria thus estab-
lished should serve as general guidelines in conjunction with
existing field and topographic conditions. 1n all cases engi-
neering judgement should be exercised in order to minimize
adverse affects to adjoining property while maintaining traffic

safety.

ROADWAY FLOW

Flow may be carriea in local streets where curbs are pro-

“vided, however, the depth of flow during the 1l00-year peak dis-

charge shall not exceed the right-of-way width,.be greater than
one (1) foot in depth, nor exceed 10 feet per second in ve;p-‘f
city. For collector anag arterial roadways the spread of ?iow
guring the lo-year flood should not cover more than a bike lane,
if existing, and oae travel lane in each direction of travel. At
a minimum one lane of travel in each direction shall be free of
flow during the lO-year storm. Where flow is being carried in a
street which has a normal crown, the longitudinal gutter shall be

four (4) feet wide where a bike lane is provided and two (2) feet

VIi-1 \
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wide otherwise. The gutter shall be constructed with a minimum
thickness of eignt (8) inches of concrete to preclude erosion and
high maintenance costs.

All flow which is carried in the streets must drain to a
logical point; that is, flow must be discharged into a storm -
sewer system, a constructed or natural channel or a drainage
easement. A drainage easement will be required Qhenever any
natural watercourse has been altered to such a degree as to need
a constructed channel cross-section and periodic maintenance; or
if through urbanization, storm runoff is concentrated to such a

degree as to require a defined channel.

ROADSIDE DRAINAGE

So that the ultimate traffic capacity ana safety of a roadway
are not infringea upon, channels should not pe placed within a
street right-of-way. Pima County's policy regarding roadside
‘drainage is that drainage channels carrying offsite flow may not
'be constructed adjacent to roadways without written permission
from the Pima County Department of Transportation and Flood
Control District. Drainage swales within the right-of-way to
carry flow generated by the roadway are acceptable where -
velocities as Ies§ than 4fps or where appropriate protection is

provided.

where permission is granted by Pima County, channels may be

placed adjacent to the outside of a local street right-of-way

ond




provided that adequate horizontal seperation is_maintained and
access is preserved. Any channel paralleling a ma jor uncurbed
roadway shall have its top of bank set no closer than eight (8)

feet from the edge of pavement with the bank closest to the

roadway having a maximum side slope of 6 to 1 (horizontal to

vertical) unless a guard rail is insta;led. Where a guard rail
is used, the channel bank adjacent to the roadway may be vertical
but the top of bank must then be set no closer than twelve (12)
feet to the edge of pavement. Drainageways next to arterial or
coliector streets may not be used unless such installation is
part of staged construction and the flow may De accomodated in a
reasonably sizea storm sewer at a later phase in construction.
There are instances where it may not be possible to follow the
aforementioned guidelines; these situations shall be addressed on

a case-by-case basis by the Pima County Engineer.

ROADWAY DRAINAGE CROSSINGS

- Roadway drainage crossing should be designed in accordance
with the standards outlined below. Their design shall not create
an adverse effect on adjacent properties and/or improvements, nor
shall their design cause runoff to be diverted into another
drainage basin. At a minimum, all weather access shall be
provided to all lots within a subdivision. All weather access

means that the ten (10) year flow must be taken underneath the

Vi-3
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- local road; the twenty-five (25) year flow must be equal to or

less than one (1) foot in the dip section, and the 100-year flow

will Le contained in the dip section. This policy shall apply to

both public ana private roadways, as these roadways are travelled

by the "general" public regardless of whether the responsibility

for safety, control and maintenance of the roadway is public or

private.

FUNCTIONAL CLASSIFICATION

The extent of the drainage improvements are based on the

functional classification of the roadway under which the runoff

must flow, and by tne amount of flow generated from a 100-year

event at the location in question.

Table I-VII outlines the

minimum requirements for drainage crossing agesigns. Exceptions

to these requirements will be allowed only with written

permission from the Pima County Engineer where site conditions

prevent compliance.

Vi-4
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TABLE I1I-Vi

DRAINAGE CROSSING REQUIREMENTS FOR
VARIOUS ROADWAY CLASSIFICATIONS

FUNCTIONAL CLASSIFICATION TYPE OF CROSSING

Major
Minor
Major
Minor
Urban
Local
Local

TYPE A:

TYPE B:

TYPE C:

Arterials
Arterials
Collectors
Collectors
Collectors
Collectors
Streets

OODP>I I

Q50 unger roadway; Qyqq contained within dip
(or Q;qq under roadway, if possible)

025 under roaaway; Q., less than 1 foot in
depth within dip and QlOO contained within dip
Q, under roadway; Q,5 less than 1 foot in

depth within dip, and QlDD contained with dip.

*As required to provide all weather access for
100-year flows greater than 100 cfs. If this
requirement is not met for any reason, then an
obvious disclosure must be made on the final plat
stating that all weather access is not provided to

all lots.

Whenever a strhcture is designed which does not convey the

100-year

event under the roadway, a hydraulic analysis should be

made to investigate the impact of the l00-year discharge. If it

is getermined that a proposed drainage crossing may adversely

vi-5
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affect adjoining properties and/or improvements, or that such a
crossing will divert runoff into another drainage basin, the
Engineer shall enlarge the structure under the roadway to
mitigate the possible flood hazard and/or diversion.
Agditionally, for either the easements or dedicated right-of-way
associated with a culvert's construction and maintenance along
arterials and major collectors, enough land should be obtained to
allow expansion of the culvert's capacity at a later date to

'accomodate the l00-year peak discharge should this prove

necessary.

CULVERTS

For designing culverts, the Engineer is referred to Hydraulic
Engineering Circular No. 5 entitled, "Hydraulic Charts for the
Selection of Highway Culverts", by the Federal Highway
Administration. Most culverts in Pima County are governed by
inlet contfol; however, where gradients are flat or a culvert is

unusdally long then the culvert may be under outlet control.

End Treatment

Inlet

A headwall at a culvert inlet should normally be provided for
pipes greater than thirty (30) inches in diameter as well as
multiple pipes and box culverts. Headwalls will reduce entrance

losses thus increasing the culvert's capacity and guaranteeing

Vi-6 .
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the stability of the inlet. The capacity can be further
increased when the lip 1s beveledg. Additionally, corrugated
metal pipes (CMP's) reguire upstream headwalls to protect the
entrance against the force of the flow as well as uplift and
bouyancy forces and hydrostatic pressures.

where channels are poorly defined and flow velocities are
subcritical, simple headwalls are adequate. For supercritical
fiow and channels which are well defined flareu endwalls as well
as headwalls should be utilized.

Specially designed inlet transitions for constructed channels
above what is normally required are necessary where the upstream
flow is supercritical anda/or the contraction is sudden.
Transition rates for inlets recommended by the U.S. Army Corps of
Engineers are 1 to 10 (horizontal to longitudinal) for mean
channel velocities of 10 to 15 fp§ and 1 to 15 for mean channel
velocities of 15 to 30 fps. The Engineer is also referred to
Section 1V for a more specific.description of sudden contraction
designs.

Normally erosion at the culvert inlet is nqt a major problem
unless the upstream channel is skewed with regard to the culvert
inlet, or no provisions are made to accomodate flow draining from
the top of thé~road. Where these conditions exist special mea-
sures should be taken. If flow will directly impinge upon one of
the upstream banks, then bank stabilization and/or transition
curves should be provided. If storm runoff may enter upstream of

the culvert, stabilized reinforced spillways should also be

provided.
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Outlet

Culvert outlets require special end treatment to protect
against erosion caused by flow which could overtop the road as

well as the flow discharging from the culverts.

when the 100-year flow over the road is expected to be
significant then the downstream embankment containing the end of
the culvert shall be protectea by paving, grouted riprap or other
means of permanent stapbilization. The expected flow over the
road will be considered significant if tne time during which the
road is over topped during the 100-year flow is in excess of ten
minutes. If the 25-year flow is carried under the road for minor
washes then the downstream embankment need not be protected
accept for flow from the top of the road. For major washes
protection for the downstream embankment will be paved if the

structure is designed for less than the 100-year flow.

Culvert outlet velocities should be compared to the existing

natural channel velocities, as well as the existing downstream

channel conditions, in order to determine if further stabil-
jzation is required in order to prevent excessive scour and

undermining of thé culvert.
Outlet velocities for culverts flowing under outlet control

are equal to the discharge divided by the cross-sectional area of

flow. The area will either be equal to the area corresponding to
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critical depth, the tailwaéer depth or the area when the culvert
is flowing full. For culverts flowing with inlet control the
outlet velocities can be computed using the Manning's equation.
However, because the depth of flbw at the outlet is unknown,
tables and charts for depth of flow and the equivalent wetted
perimeter for pipes and box culverts should be employed. The
velocities determined with the Manning's equation for short
culverts will be slightly greater than what is actually
occurring, as the flow in the culvert will not have established
normal depth. While tailwater does not effect the cutlet
velocity for inlet control, the shape of the outlet structure,
including the apron and wingwalls, will influence the exit

velocity.

Scour Protection

Scour protection is necessary to maintain stable embankments,

‘to prevent undermining of the culvert and to protect downstream

property. All of the requirements.for stabilization listed below

apply to culverts in channels with stable slopes. It should be

recognized that some channel slopes are unstable and that the

general scour must be accounted for in the design as well as the

localized scour that results from the discharge of flow from the

culvert.

The following Arizona Department of Transportation standards

are to be employed for determining outlet protection requirements:

V1i-9



1. All culvert outlet velocities which are less than or equal to
1.5 times the average natural stream velocity shall only
require a cutoff wall for protection. Exceptions may be
made, but these will pe dependent upon downstream conditions,
soils and the calculated depth of scour.

2. wWhere the outlet velocity is greater than 1.5 times the
natural velocity, but less than 2.5 times, a dumped skin-
grouted riprap apron will be provided; or, where soils are
rocky, an adequate cut-off-way need only be provided.

whenever outlet velocities are more than 1.5 times the stream

channel velocity and exceed 10 fps then the dumped riprap

should be or wire-tied.

3. When outlet velocities exceed 2.5 times the natural down-
stream flow velocities some type of energy dissipator‘snall
be required or an increase in the culvert opening will be
necessary to reduce the outlet velocities. A description of
St. Ahthony stilling basins, U.S. Bureau of Reclamation Type
VI basins, straight drop stilling basins or other common

energy dissipators may be found in Chow's Open Channel

Hydraulics'or in the Federal Highway Administration Hydraulic

Engineering Circular No. 14, Hydraulic Design of Energy

Dissipators for Culverts and Channel.

Downstream Scour
The scour hole geometry which forms downstream of a culvert

may oe described in terms of the outlet velocity, Froude number
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and depth of flow as it exits the culvert. Figure I-IV shows the
dimensionless scour hole geometry as it was determined from
experiments conducted at the U.S. Army Corps of Engineers
waterway txperimental Station. They found the following
equations described the maximum depth, width and length of the

scour hole for culverts under inlet control.

o
]

ab_(R) 0.375; 0.1 eq. 1-VI

0.915, 0.15 eq. 2-VI

0.71t 0.125

sm

x
i

sm bDC(R)

eq. 3-Vl1

-
L}

sm CDC(R)

where, D Maximum depth of scour, ft.

=
1]

Maximum width of scour, ft.

-
"

Maximum length of scour, ft.

L = Culvert diameter or depth, ft.

ct
]

0.2 times the time of concentration, minutes
(with man-made or natural detention storage
the time of concentration may be longer)

for circular or square culverts

1%3‘5”= q/(Dc)l'S, for other shapes

For minimum tailwater i.e. less than 0.5 Dc

a =0.8, b= 1.0, ¢ = 2.4
For maximum tailwater, i.e. greater than 0.5 D0 to 1Do

a = 0.74, b = 0.72, ¢ = 4.1
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Dimensionless Center-Line Profile
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Figure |-Vl :Dimensionless Scour Hole Geometry

Ds = Depth of scour Lg= Lenqth of scour
Dum=Maximum depth of scour  Lgm= Maximum Length of scour
Ws = Width of scour

Maximum Tailwater

Wem= Maximum width of scour ———=Minimum Tailwater
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The engineer is also referred to Hydraulic Circular No. 14,

Hydraulic Design of Energy Dissipators for Culverts and Channels

by the Federal Highway Administration.
Cutoff Walls

A cutoff wall placed at the culvert's outlet provides
adequate protection downstream when the scour will not be
excessive, or where the development of a scour hole will not
undermine nearby structures so that it is practical to allow
localized scour.

The following design criteria are applicable to cutoff walls.
1. The depth of the cutoff wall shall equal to 70% of the

maximum deptn of scour.

2. Tﬁe appropriate wiath of the cutoff wall will be a minimum of
one-third the maximum scour width.
3. The dépth of the cutoff wall should not normally exceed six

(6) feet. Where a deeper wall is necessary either another

form of protection shall be required or further engineering

analysis will be required to substantiate the wall's

structural stability.
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Riprap Apron
Riprap aprons placed downstream of culverts provide
protection against scour immediately around the culvert as well
as providing for the uniform spreading of the flow and
descreasing the flow velocity, thus mitigating downstream damages.
These riprap aprons may be designed as simple horizontal
aprons as shown on Figure 2-VII, with taperead sides of 2 to 1 for
minimum tailwater and 5 to 1 for maximum tailwater. The total

length of the basin should be:

Lep = D¢ (8 + 17 log F), for minimum tailwater eq. 4-VI1
and
Lep = D¢ (8 + 55 log F), for maximum tailwater eqg. 5-VI

Where Léb = length of scour basin, ft

F Froude number of flow at the culvert outlet

D

c Culvert diameter or aepth, ft.

When the Froude number is less than or equal to one, an apron

length of approximately eight (8) times the culvert diameter

should be used. If the length of protection becomes excessive

another form of protection should be used as the outlet velocity

exceeds the design criteria for rock aprons. The correct size of

riprap for this type of horizontal apron is:

_ - Wi
dgg = 0.02 ibcf}(R) 0A33 eq. 6-VI
T
-
VI-14
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Figure 2-Vi:
Recommended Configuration Of Riprap Blanket
k=2 for minimum tailwater
k=5 for maximum tailwater
Lgg= Length of scour basin, ft.
D = Cuhert diameter, ft. |

dso= Riprap medion diameter
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Where d50 = median riprap diameter, ft

TW = tailwater depth above invert of culvert outlet, ft

and tne other variable are the same as given for

equation 1-1IV.

Riprap basins may also be built as plunge basins where the
dissipation pool is pre-formed. Figure 3-1V illustrates some
typical dimensions of the basin with 3 to 1 sides. The advantage
of pre-formed basins is that the required riprap size is
reduced. With a pre-formed basin the size of riprap required is:

2
- o0.0125 Pc* (py 1% eq. 7-1V

W

dsg

for depression equal to 0.5 Dc and

o i e A,

et R B et et oot i S
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Rip rap basins should not be utilized if the Froude number

exceeds three (3).

There are various other forms of préformed riprap plunge
basins that are also acceptable with the approval of the Pima
County Department of Transportation and Flood Control District.

Figure and charts from HEC-14 have also been included for the

design of plunge basins.
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Figure 3Vt Riprap-L ined, Preformed Scour Hole

~ We = Width of Culvert, ff.
D. = Depth of culvert, f1.

dgo= Riprap median size diameter, ft.
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AT-GRADE CROSSINGS

Most stream crossings in Pima County have been built in such

a manner as to convey all or part of the flow aEross the road.

This is usually acceptaple because of the low frequency with

which stream flows occur in Pima County. However, when floods do

occur they may cause hazardous conditions both during the flow
and immediately afterwards because of possible erqsion downstream
of the crossing and/or sediment and debris which may be deposited
in the crossing. The following design criteria shall be used
where applicable for at-grade crossings to reduce potential
hazards and loyer maintenance requirements.

1. Uip crossings should be built at a minimum 4% cross slope to
reduce deposition of sediment in the dip section. This 4%
grade shall be produced by supplying the vertical rise on the
upstream side of the dip section with the downstream side
meeting existing graae (See Figure 4-IV). The 4% cross slope
shall be met in all cases'unless horizontal and vertical
controls for traffic safety dictate otherwise. 1In designing
dip crossings the engineer is referred to thg chart on
comfortable speea oh vertical curves contained in Pima
County's Highway Design Standards.

2. Depth of flow for the 25-year storm shall not exceed one-foot
within the dipﬂsection.

3. A downstream cutoff wall will be provided to prevent erosion

and road damage.
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Figure 4-VI| :Dip Crossing Design With A 4% Cross-Slope
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4. An upstream cutoff wall shall be provided that is a minimum

of two feet in depth.

\n

Length of the cutoff wall will be at.a minimum equal to the

top width of tne lO-year flow through the dip section.

Cutoff Wall Design

The following method for determining the depth of the cutoff
wall downstream of the dip crossing was developed from
information on scour presented in Hydraulic Circular No. l4,

Hydraulic Design of Energy Dissipator for Culverts and Channels

by the Federal Highway Administration. The downstream depth of

scour 1is:
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eq. 9-Vvl1
or
D = (v 0882 ()0:373 (¢ )01 eq. 10-VI
Wwhere, D = depth of scour, ft
'V = average velocity, fps
Ye = makimum depth of flow for a parabolic section, ft.
tC = time of concentration, minutes.

These variables are all for the 100-year design storm. This
method uses the upstream flow conditions to predict the amount of

scour based on the expected effective time of scour which is
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equal to the time when the discharge is equal to 90% of the
100-year peak discharge. This time is approximately twenty (20)
— percent of the time of concentration for the 100-year peak
discharge as determined by a snythetic'hydrograph developed
utilizing the Soil Conservation Service method or the one
developed by the Pima County Department of Transportation and
Flood Control District for short-duration thunderstorms.

a If the depth of the required downstream cutoff wall is in
excess of six (6) feet, another form of protection shall be
required and/or further engineering analysis will be necessary to

establish the, cutoff wall's structural stability.
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