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PREFACE

The contract for the preparation of this publication states in
part that it '"....is to be limited to urban storm drainage
considerations and deal primarily with surface water collectioh
and disposal and the incorporation of storage where appropri@ata.
The hydraulics of bridges and culverts (cross-drains) is tO hé
excluded. The work will not require the development of (hew
concepts, design techniques or computer programs, rathery/it
will involve the review and evaluation of available-design
information and the assembly of the most useful information

into a manual. The manual is to present design ‘philosophy and
concepts along with the best available methods! of analysdis
which can be carried out by hand é6mon a programmable calgulator.
Design techniques are to be illusteated through the lise of
examples. Useful design aids ‘are’ to be(included'

The Contractor acknowledgés the constructive criticisms of the
several FHWA reviewers of early drafts and\Nis fespecially grate-
ful to Messrs. Leonard Greer and Daniel $.(0% onnor for their
counsel and understanding guidance throughoeut the prosecution
of this work.

Discussion of curb-openjng _inlets, and the pertinent design aids
was prepared by Carl F. hzzard. & Similar material concerning
the design of grate.inlets incdluding the appropriate design
charts was prepared/by Danigl\S+ 0'Connor.

Stifel W. Jens

Reitz & Jens, Inc.
Consulting Engineers
St. Louis, Missouri
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LIST OF SYMBOLS

Tributary area in acres or hectares.
Area of one orifice in square feet or square metres.

Cross-sectional area of pipe in square feet or square
metres.

A constant.

A constant.

Width of emergency spillway in feet or metres.

A constant.

Standard storm parameters describingethe”ratios of
various duration intensities to thenl=hour intensity
for the same duration,

Coefficient in+the Rational Formula.

Coefficient Jdnvemergency spillway fermula.
Discharge coefficient.dn weirequation.

Discharge coefficient in(cixcular orifice formula.

Coefficient \in synthetic unit hydrograph formula
for lag time.

Coeffieient inssynthetic unit hydrograph formula
forvwweak flow.

Cubic feet per second.

Curve number in Soil Conservation Service method of
rupoff“determination.

Ripe diameter in feet or metres; inches or millimetres.
Diameter of circular orifice in inches or millimetres.
Depth of curb flow in feet or metres.

Depth of triangular flow (spread) at any distance from
face of curb in feet or metres.
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Critical depth of flow in feet or metres.

The hydraulic efficiency of an inlet grate, in
percentage.

Inlet grate efficiency without splash-over, in
percentage.

Infiltration or actual retention in inches or
millimetres occurring after runoff begins.

Froude number of gutter flow related to the depth of
approach flow to an inlet at a distance w from the& eurb.

Gravitational constant; 32.16 feet per secondyper second
or 9.8024 metres per second per second.

Effective head on outfall pipe or emergency spillway
in feet or metres.

Effective head above tepN\rim of weiv in feet or metres.
Effective head at*dmperifice;l in feet or/métres.

Height of curbropening ofTaninlet [ in inches or
millimetres.

Friction lgss in feet._or metress
Head loss at a_‘junction ifh feet or metres.

Minimum height of curb, opening required for weir-type
operationy in inches or millimetres.

Head(Tess at astransition, in feet or metres.
Velocity head Jin feet or metres.

inflowdrate)in cfs or m3/s at beginning of time At.
Inflow’rate in cfs or m3/s at end of time At.

Ihitial abstraction from rainfall in inches or
millimetres.

Average rainfall rate In inches or millimetres per hour.
Intensity-Duration-Frequency.

Counter for data points.
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Coefficient

Pipe head loss coefficient.

Entrance head loss coefficient.

Effective or unclogged grate length in feet or metres.
Length of curb-opening inlet in feet or metres.
Overland flow length in feet or metres.

Length of pipe in feet or metres.

Length of weir in feet or metres.

Length in miles or kilometres of the mainstream from
the point of interest to the watershed diyide.

Distance in miles or kilometres along“the mainstream
from the point of interest to a polnt opposite the
centrolid of the basin'

See Figure 5-5,

Cubic metres per second.

Roughness coefficient™in theWManning Formula.

Number of cireular orifices/'under the same effective head.
Rate of outflew in cfs\oh m3/s at beginning of time At.
Rate of\loutflow imcfs or m3/s at end of time At.

Storm rainfall\'ih inches or millimetres.

Percentof ,impervious area.

Pefcentage of watershed that is impervious.

Potential runoff or effective storm rainfall (storm
rainfall, P, minus the initial abstraction) in inches or

millimetres.

Rate of flow in cubic feet per second or cubic metres
per second.

Emergency spillway flow in cfs or m3/s.
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Frontal flow appreaching a grate inlet; i.e. the flow
in that part of the gutter width equal to the grate
width.

Intercepted3flow at inlet, in cfs or m3/s; or discharge
in ¢fs or m“/s per foot or metre of channel width.

Orifice flow rate in cfs or m3/s.

Flow rate in pipe in cfs or m3/s.

Flow through the riser in cfs or m3/s.
Total flow in cfs or m3/s.

Flow rate over weir in cfs or m3/s.

Runoff rate in cfs per square mile or m3/s per sguare
kilometre.

Hydraulic radius or apeasof flowscross-sectiion divided
by wetted perimeter.

Rainfall rate i/ inches per hour or milllimetres per hour.

Average rainfall intensity”in inches‘per hour or
miilimetresyper hours

j-th data poing™\fof Javerage, rainfall intensity in inches
per hour (iph) ‘or'willimetres per hour (mm/h).

T-year, td-hour (or.minute) average rainfall intensity

in incheés ‘per houriof millimetres per hour.

T-year,)1-hour average rainfall intensity in iph or
mm/h .

10-years td-hour (or minute) average rainfall intensity

ine iphYor mm/h.

T00=vear, td-hour (or minute) average rainfall intensity

in iph or mm/h.

10-year, l-hour average rainfall intensity in iph or
mm/h.

10-year, 24-hour average rainfall intensity in iph or
mm/h.

100-year, 1-hour average rainfall intensity in iph or
mm/h.
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Potential retention in inches or millimetres.

Critical slope in feet per foot or metres per metre.
Longitudinal slope in feet per foot or metres per metre.
Cross-slope in feet per foot or metres per metre.

Storage in cubic feet or cubic metres at beginning of
time At.

Storage in cubic feet or cubic metres at end of time “WAt.
Return period in years.

Top width of water surface (spread) from curb )face toward
crown of pavement, in feet or metres.

Time of concentration in minutes.
Time in minutes.
Duration of rainfahl\in minutes.

Lag time in howrs; the tjimewnfrom the ‘centroid of
effective rainfall to_thewrunoff fpeak.

Standard unit duration’ of excess/rainfall in hours.

Other than standard unitduration of excess rainfall in
hours.

Originaldlag time jn “hours.
Adjusted”lag time, tn hours.
A finite intenval of time in minutes (usually short).

Criticdl\vélocity in feet per second or metres per
secondy

Frontal flow velocity in feet per second or metres per
second.

Width of inlet grate in feet or metres.

The extra grate width which would be necessary to reflect
the interception of both frontal and side flows.

W+ AW, the effective grate width to reflect the
interception of both frontal and side flows.
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Time widths in hours for the unit hydrograph at flow
rates 75% and 50% of the peak runoff rate.

Exponent; ratio of 100-year, I-hour rainfall to the
10-year, l-hour rainfall.

Change in hydraulic grade line or water surface
elevation through a junction, in feet or metres.

Ratio of water surface width to its depth at the curb,
Gamma, a factor between 0 and 1 indicating the posfition
of the center of the mass of the most intense bufrst~of
rainfall in a rainfall event. 0 is the beginning=of the

storm and 1 is at the end of the rainfall evéntw

Tau, the integration variable for time.
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CHAPTER 1
GENERAL PRINCIPLES OF STORMWATER DRAINAGE

1.1 Introduction

Stormwater drainage attitudes and consequent policies have been
undergoing a significant redirection in the past decade (1968-1978),
Historical practice has involved a philosophy of intercepting,
coliecting and disposing of stormwater runoff as rapidiy as possible.
The cumulative effects of such past concepts of urban storm drainage
have been a principal cause of increased frequency of downstream
flooding, often accompanied by diminishing groundwater suppNes as
direct results of urbanization; or they have necessitated develop-
ment of large-scale downstream engineering works to prevent flood
damage. There is increased attention in urban area master plaining
of storm drainage to the desirability of detainingor storing
rainfall close to where it falls on-shite, which Sometimes srequires
trade-offs with short-term, localiz&dhinconvenfience.

Water quality has become one of the“most preminent issues in the
increasing public awareness oflthe envirénmental impact of man's
activities. There is accumulating evidence (Ref. \1-6) that storm
runoff includes significant, amounts %f contaminants. A significant
portion of the contaminapntsvoriginate¥in the (surface runoff from
pavements. Consequently,) plannifig.stormwatet, Tacilities may have to
consider the possibility of treatment ofystormwater prior to its
ultimate disposal. Any treatment of contaminated runoff is most
cost-effective if the treatment facilities” are handling as unvarying
a flow rate as is possible.N This amakes storage virtually mandatory.

Today's urban drainage” master ‘plan”should include collection, storage,
treatment and dispasal. Logficaly, each should be an integral and
interrelated pant of «any stormwater management system. Furthermore,
for any specifficyproject, there is an optimum mix of these inter-
related components of .a system. This optimum mix changes from project
to projectt

1.2 Basic Concepts

Theyprinciples, “Objectives and design considerations in the current
approaches “to)'stormwater drainage involve a variety of basic concepts
of which(the following are the more important (Ref. 1-1).

For 6rdihary design rainfall frequencies (about 1 to 10 years) the
peak runoff after the provision of drainage facilities, should not be
significantly different after development of an area than it would be
if such development had not taken place.
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The increasing focus on water quality in urban water resources has as
a corollary the identification and application of engineering tech-
niques that will preserve and enhance the natural features of a locale
and maximize economic-environmental benefit. Improvement of the
effectiveness of natural systems rather than replacing, downgrading

or ignoring them is an objective of current (1978) engineering design.

In the middle 1960's (Ref. 1-2) there was initiated a heightened
consciousness of the fact that in all instances of stormwater drainage
there actually exist two principal systems for handling surface water
runoff. The one on which engineering planning, design and operatiohs
have been almost wholly concentrated in the past has been termed(the
"Minor System'' and might better be called the ''Convenience System':
This, in turn, is part of the larger major storm drainage system’which
includes all the natural and man-made drainage facilities jh, an entire
watershed. The '"Convenience System'' is that scheme of curbs/, guttghs}y
inlets, pipes or other conduits, swales, channels and _appurtenant
facilities all designed to minimize nuisance, inconvenience and

hazard to persons and property from storm runoffs Which occur at
relatively frequent intervals (usually all runoffs\associated with a
10-year or less recurrence interval sfainfall)./9Current progressive
engineering recognizes the need to\dévote mofeldetailedyattention to
the planning and design of the supplementafy aspects~of_the overall
""major system' which carry thelexcess flew ever and ‘above the hydraulic
capacity of the various compénents of the)Convenience system. The
initial portion of the collection phocess in «the/gconvenience system,
i.e. gutters and inlets,, should haveé _as much (design attention as the
conveyance system after the wateryhas beensremoved from streets,
sidewalks, parking and landscaped.areas, etc: For example, when the
inlets, pipes or conduits become®overtaxed, the excess runoeffs use the
hydraulic capacity of the groads and streets and flow overland. Past
practice has not consciously recognized in design detail the functioning
of the supplementary facilities if ,the major storm system which come
into operation when thejpless firequent higher-intensity storms occur.
Lack of conscious dttention gonthe supplementary functioning of the
major storm draipndgewsystemsis/no longer acceptable.

There is a continuing and growing recognition that there are inter-
related responsibilities and obligations for collection, storage and
possible treatment (of)stormwater. These responsibilities and obliga-
tions showld be ‘shared by all involved, both private developers and
property ownersg ,has well as public agencies including that which in
ansutfban area\bears primary responsibility for stormwater drainage.

I additifony to specific recognition of the convenience and major
drainagersystems, there should be recognition of the use of on-site
detenltion storage and '"blue-green'' (Ref. 1-2) development. The
increased use of storage to balance out handling or treatment of peak
flows; use of land treatment systems for handling and disposal of
stormwater; and perhaps most important, a recognition of temporary
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ponding at various points in a system, are potential design solutions
rather than problems in many situations.

Another basic reality is the fact that every site or situation
presents an unique array of physical resources, land use conditions
and environmental values. Variations of such factors generally will
require variation in design standards for optimal achievement of
runoff management objectives.

An overall consideration of optimum design of stormwater collection,
storage and treatment facilities indicates that a balance should bé
struck among the capital costs, operation and maintenance costs,
public convenience, environmental enhancement and other design
objectives. Such an optimum balance is dynamic, changing over  time
with changing physical conditions and value perceptions.

Stormwater is a component of the total water resources.of an ared and
should not be casually discarded but rather, where feasible, should be
used to replenish that resource. In many instances, stormwater
problems signal either misuse of a résource or uawise land=gccupancy.

Finally, there is increasing awarehess of thé need to sreevaluate
approaches to basin-wide management which i's the responsibility of
and should be an objective ofNthe publichsector.

The irrefutable desirabjility ©of basih-wide phans/,*to which individual
developments should conform-is strongly borné out by the following.
Current practices, basedlon traditional drainage concepts of the past,
allow upstream development té.inerease punoff. As a consequence,
downstream development relyinghon new congcepts might be unable to
accomodate, without signifidant addjtional cost, the upstream excess
runof f thereby generated. “However, \ifh\the approaches suggested herein
for individual projectsuse the Strategy of retention and attenuation
of peak runoff and total runoff \(t0 values not significantly different
from pre-development Nevels)(such development would nermally be com-
patible with anyl future plan “that might evolve for a watershed. It
seems clear that, the publiessector should develop basin-wide plans
incorporatingy the best, current philosophies and knowledge.

1.3 Highway Drainage) Needs and Requirements

A highway, travewsing an urban area in various stages of development,
rarey involves+~in its storm drainage considerations all of the sub-
watershedsN\inhthe principal traversed watershed(s). Furthermore, in
any urbaf areas public agencies such as towns, cities, counties and
special /storm drainage districts have jurisdiction over the planning
and provision of storm drainage. The local agency, particularly if it
is regional in character, should have the responsibility for developing
master plans for stormwater drainage. Because of this responsibility,
such regional agency generally develops criteria and design standards.



Usually, the detailed provision of stormwater drainage for the highway
will utilize the available outfall facilities. If the existing local
outfall facilities are inadequate, the highway agency and local
drainage authority will have to negotiate the most acceptable solution
to both parties.

Traffic safety is intimately related to surface drainage. Rapid
removal of stormwater from the pavement minimizes the conditions which
can result in the hazardous phenomenon of hydroplaning. Adequate
cross-slope and longitudinal grade ensure such rapid removal. Where
curb and gutter are necessary, the provision of sufficient inlets and
satisfactory cross-slope and longitudinal slope can limit the spg€ad
of water on the pavement. Extra inlets at profile sags will mimimize
ponding due to clogging. Inlets at strategic points on rampmter-
sections and approaches to superelevated curves will reducesthe
lTiklihood of gutter flows spilling across roadways. Satisfactory
cross-drainage facilities will limit the buildup of pondage agains't
the upstream side of roadway embankments. Where thenge is a probability
of the overflow of a roadway by flash floods in remote~areas, an
automatic warning system should be installed.

Bridge foundations should be designed to be safe)/from scour? An auto-
matic warning system should alett~traffic t6 the formation of ice on a
bridge deck.

A1l grate inlets should bebicycle-safevand hydfaulically adequate.

Where safety considerations make.it.desirabley-open channels and
storage basins should avoid where possible the delivery of slope
runoff directly onto pavementsyto preventythe presence of silt or
ice on the pavement (the lattrer could ocelr in winter when daytime
thawing of a slope can result in nightztime freezing on the slab).

Since many communitieS/and urban “areds use less than a 10-year frequency
design for their storm™drainageN\facilities, coordination of the highway
drainage with that of jthe loeal urban area is a primary factor requir-
ing very carefud ‘consideration. Location studies of a highway through

a builtup area\require closes attention to how the proposed highway's
drainage requirements/ can“be satisfactorily coordinated with those of
the community. Nec€ssarily, both horizontal and vertical location of
the proposed highway=~improvements are of great significance since most
majon city streetsware likely to have existing storm sewers and buried
utiTities.

The cross=drainage needs of a highway will usually require a culvert
or bridgews Design of highway culverts often results in the placing
of theinvert of the culvert at approximately the elevation of the
flowlitme of the natural watercourse. Under some c¢ircumstances, the
local drainage authority has a practice of placing trunk storm sewers
below the bed of a natural watercourse. Whether the highway culvert
or the local trunk storm drain is constructed first, cooperative



consideration of the needs of both agencies should be involved in the
planning and design of each. The highway designer should carefully
examine the capability of existing closed draits to handle the runoff
rates for which the highway facilities would ordinarily be designed.

Whether the highway is at grade, in cut or elevated, significantly
affects the handling of the surface water drainage. At grade, the
surface drainage of the roadway is a part of the surface drainage system
as it serves the local streets and developed areas. The provision of
adequate, suitably located inlets to provide rapid removal of surface
water from the trafficways is the primary need with probable delivery
of the collected roadway surface water into the existing urban drainage
system facitities. |If the highway is in cut, there is a likelihood
there will be low points or sumps at which excess surface runofifiwill
collect and pumping may be needed. In cut, there may be encountered
difficult problems of potential interference of the profilelgnade with
sewers and other underground utilities in intersecting latal Streets,
The designer of drainage for an elevated roadway may haVe more freedom
of choice of pickup of collected surface water.

Directional or other interchanges pose_particular‘surface ranoeff
collection problems in that it is more/difficult/to achieve“efficient
pickup of gutter flows where the Jdengitudinaly'slope of the) gutter is
high. Ramp quadrants may offer epportunitias\for devélopment of
detention storage.

The provision of retardatdoen ‘or detention storagelas a part of the
facilities to handle runofif from the ufrban freeway very probably
involves a cooperative provision of ssuch storage with the local
drainage authority. The acquisition of pights-of-way for freeways in
urban or urbanizing area does not often afford economic opportunities
to acquire locations with stite*characteristics suitable for the devel-
opment of pondage or othefr economig.detention storage. The variety

of location and charactér,'of storage)to be incorporated as part of a
stormwater management®program isNdiscussed in detail in Chapter 4 of
this manual.

The distinctive(cniterion forsurface drainage of highways is the great
need to remove surface water from high traffic pavements as rapidly as
possible. ([This critemion arises from the fact that at the speeds of
traffic oh\freewaysy \the presence of a film of water which does not
drain off\pavement \wapidly enough can, under certain circumstances,
involve\movind\traffic in the very hazardous phenomenon known as
‘hydrep laning'™ NThe texture and character of the pavement surface and
the ‘conditjionvof the tire treads on the individual vehicles are vital
parts of .thisyproblem.
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1.4 Economjcs of Storm Drainage

The economics of storm drainage is concerned principally with the costs
associated with proper handling of runoffs of various frequencies versus
the associated inconveniences or damages. The rarer the design frequency
the larger are the design capacities of the storm drainage facilities,
particularly the coliecting system. This leads to larger first cost which
translates into larger annual investment charges.

As the capacity of a storm system increases, storm sewers will be overs=
taxed less frequently and consequently, less inconvenience and damage
related to such overflows can occur. The design cost cobjectives are to
minimize the total annual cost of the stormwater drainage facilities
(capital costs, maintenance and operating costs, etc.). An associated
objective is the reduction in average annual costs of damages, by/overflow
or other aspects associated with lack of capacity in the system. Where
overflows are evidences of incapacity of the storm system, investment to
reduce the frequency of such overflows is more likely to'be justjifiled.

It has generally been impractical to develop a realistic”evaluation of
damages associated with each of several alternativesstormwater systems
and its cost. This is because urban stormwater .damages rell@ated to
rainfall events of known frequency of" fecurrencedare difficult to measure
and evaluate; and the collection ofwsuitableddata is vekry kostly. Usually
such studies are not made for ap/urban stosrm\drainage(project. Judgement
based upon performance experience, in simiTar’/developed areas is generally
the basis for selecting a deS§itgn frequencyt |t should be further noted
that for storm drainage thes.frequencyr Used as a'glideline for the
criteria is that-of the rainfall since there ‘aresavailable sufficient
rainfall data to develop reasonpably Jreliable firequency relationships
particularly for recurrence intervals of (about 50 years or less. Unfor-
tunately, in urban areas theresare very fTew runoff records.

Methods for determinationl of runoff~a¥l require the choice of a design
rainfall. Since there(exist no.suitable urban runoff records upon which
to predicate the chofce™of a runoff frequency related to the desired
quality of storm draimage, it 'becomes most practical to base the drainage
design on the frequency of %ainfall which can be readily determined for
any United States /location. Sometimes, the rainfall and runoff frequen-
cies are thought of asJdiderftical but that this is erroneous is illustrated
by the fact that ideptical rainfall on the same area can result in
different runoffsyifi ‘the area has been dry for an appreciable period in
one case and thessame area has been thoroughly wetted in the other. The
practieal base\td which to tie the relative quality of storm drainage to
be provided therefor is the causative rainfall and its probable frequency
of Wwecurrence.

The relative hazards to persons, property and traffic associated with
each of\the runoffs related to rainfalls of several selected frequencies
should be used in storm drainage design. Mitigation of drainage-related
damages or losses is theoretically balanced as a benefit against the



associated drainage costs. In practice, judgement has largely been
relied upon to choose the design rainfall frequency.

The majority of large American cities use a 5- or 10-year rainfall
recurrence interval for their storm drainage with several adopting a

15- to 20-year frequency. The shorter recurrence intervals generally

are standards for urban areas of flatter terrain. Costs limit the design
frequency in some instances mere than in others, but in all cases,

there is a relationship between the quality of storm drainage and what
the benefitted area is willing to pay.

Urban highways such as the interstate system should use high drainage
standards. At locations where water can pond on the roadway and create
a hazard to life, traffic and property, as in sag vertical cunVeswy
underpasses and depressed sections, roadway drainage systemsmshould be
designed for a relatively infrequent rainfall event (perhaps(five times
the recurrence interval of locations where water cannot pond). Atfsdch
locations the flow should include bypass amounts from @pstream imhets
and tributary areas with facilities designed to a lesser standards At
locations where water cannot pond, inlets for roadwayvand bridge
drainage should be designed so that spwread on theypavement (from a 10-
year rainfall event will be limited o _the highway shoulder. Roadside
and median ditches should be designed to conveysat least{the runoff
from a 10-year rainfall event wifthout encroachment on\the shoulders.

Urban highways other than interstate ‘shoultd prefépably be provided

with drainage systems basedpupon a 10-year raifnfall. |If local drainage
facilities and practices have proyided draingshof’a lesser standard to
which the highway system must €onnect, espécial consideration should be
given to whether it is realistle, to designthe highway drainage system
to a higher standard than the/available olUtletés). If the local
facilities and policies of the local drajnage authority require a

higher standard than normally used™foF\the highway, the drainage system
for the latter should give consideration to a basis of design compatible
with that locally fol lewed.

Detention storagezshould be“considered where economies can be achieved
or downstream fhooding problems would otherwise be worsened by drainage
from the highway development.

Cooperativesprojeets, with other agencies should be considered where a
savings of’ publi€nfunds can be realized from the joint effort.

Whene 'practicable, existing outfalls should be utilized to dispose of
flow from ghe "highway drainage system. Improvements to the existing
natural ©p ‘man-made outfall should be made only to the extent necessary
for as§urance that the roadway drainage system will operate as designed
and wilb satisfy legal responsibility.
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1.5 Cost Considerations

The basic factors making up the total costs of a highway drainage system
are:

Capital investment costs (debt service)
Right-of-way or land acquisition costs
Damage to other properties
Environmental studies: permits
Construction costs

Traffic delays

Maintenance

Operation

Administration

Existing serviceable facilities including natural drainage swaless
ditches, creeks, ponding areas, etc. should be used wherevesr, possible

to reduce initial costs. For highways in urban areas, incremental Jand
costs can and are usually held to a minimum by acquiring sufficient
right-of-way width to include most of the drainage facdilNities within that
right-of-way. Elsewhere, existing or future streets, water courses,
ravines or other property unlikely tosbecome devejoped should be used for
the location of drainage facilities.

A recent storm drainage cost study=(Ref. 1-4) ‘shows that’ firrespective of
the degree of development (percenthof imperwiousness) there was a rapid
increase in the cost per acre~of storm drainage facilities for the 1- to
10-year frequency recurrencé ‘interval, asscomparedito a slow increase in
unit cost between the 10T“and 100-year. Thisgstudy reflects the very
important initial (principally construction)Ncests and does not include
such other costs as maintenance, and operabion. The significant fact is
that the dollar of incrementalcost invested over and above the cost of
storm drainage facilities for/a 10-year design frequency achieves more
desirable quality of drainage than dees, that same dollar incremental
investment in improving+«facilitiesvdesigned for any recurrence interval
of less than 10 vears!

Detention storageseosts have been given some study (Ref. 1-5) but the
wide variety of=chrcumstances goveining each installation precludes

any general umit_costs. Earthen basins have the lowest costs and

covered concrete tanks| the)highest. The meager operating and mainten-
ance cost {informatioh\Is unsatisfactory as a guide to probable costs.

For any«specificy\project, the conditions influencing design of a drainage
system are unigue and the designer must select a system on the basis of
totalwcosts appliicable te the specific circumstances. There always
sholhd be consjidered the overall cost during the 1ife of the project
rather tham\irnitial installation costs only.

0f significant importance to the location of urban highways and their
drainage are the Flood Insurance Rate Maps of the National Flood
insurance Program of the Federal Insurance Administration. These have
been prepared for very many urban areas throughout the country and show
for the principal watercourses traversing a community, the flood
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boundaries for the 100- and 500-year events. Various zones within

such boundaries are designhated to indicate flooding depths and over-

flow velocity characteristics of importance to insurance rate
determination. The information given by these maps could be of value

in the location and drainage of highways. The maps often bear the name
of an incorporated community within which boundaries, the flood
determinations have been made from the best available hydrologic
information. The development of improved hydrologic information sometimes
results in revisions.
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CHAPTER 2
PRECIPITATION

2.1 Introduction

Hydrologists use the general term ''precipitation' to describe all types
of moisture that can fall from the clouds to the ground. In storm-
generated runoff, rainfall is the primary form of precipitation. Under
certain circumstances, the melting of snow can contribute signhificantly
to runoff but such instances are so special that in general, this manual
will consider precipitation to mean rainfall.

Where water vapor is present in the atmosphere, anything that can bring
about a cooling of the air may cause the moisture to condensé jgo form
water droplets. For significant amounts of precipitation o oCcur,
large regions of air must be cooled and this is usually achieved by ‘a
lifting of the air. The factor which causes the airalifting phenemenon
leads to a classification of the resulting precipitatien.

The movement of air masses from high pfessure to (low pressurewareas
results in what is termed '"'cycloni¢'' precipitation. Unequal heating of
the earth's surface causes the pressure diffexences. Gyclohic precipi-
tation can be categorized as froptal® or non~frontal. @ The frontal cyclonic
storms can be the warm front typelin which,cold aigyis, replaced by warm
air or the cold front wherewcold air replaces the warim air. A stationary
front indicates no movement\©6f”the front.

Heating of moisture-laden air near\the earth'ss/surface can result in
"'convective'' precipitation. Watersvapor is_taken up when the heated air
expands and the warm, moist airwrises and is“surrounded by cold, dense
air which occasions precipitation. The\variable spottiness with some-
times light showers and pecasional_high Jintensity rains are frequently
termed '"thunderstorms'la Because of\its spatial variability, convective
precipitation is often, the most{difficult to accurately record.

Where topography (causes air toWrise with resulting precipitation, it is
termed "orographWc precipitation'' and can vary significantly in intensity
and quantityd \Obviously\mountainous and hilly regions cause particularly
pronouncedsvariations. Warm air rising on the windward side of a slope
moves upward and as ‘the warm, moist air comes into contact with the cooler
air atahligher adtfitudes, precipitation forms. Consequently, the windward
sidefof _major s%opes or mountains is the rainy side.

Thelform and, intensity of rainfall also leads to National Weather Service
(NWS) classiffi€ations. Drops larger than 0.02 inches (0.508mm) with
intensities greater than 0.04 inches per hour (1.016mm per hour) are

classified as ""rain'". Water drops less than this size and intensity are
termed a ''drizzle''. Recorded total precipitation of less than 0.005 inches
(0.127mm) is termed a ''trace''. The usually localized "‘thunderstorms'' are

2-14
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FIG. 2—1 Typical monthly distribution of\precipitation(infudrious ctimatic regions.
From: Hydrology For Fngiheers\by Ray K. Linsley, Jr. , Max| A. Kohler and Joseph
L. H. Paulhus, Copyright [958.by the McGraw-Hill BaokiCo. Used with permission

of Mc Graw-Hill Book Company.
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FI1G. 2—2 Average annual precipitation in the United States.

(After National Weather Service).
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high intensity, short-duration (15-30 minutes) forms of precipitation.

Intensity and variable monthly distribution vary for specific geographic
and climatic areas. This is evidenced by Fig. 2-1 which indicates that
most of the eastern third of the country has reasonably uniform rainfall
throughout the year. The plains states in the central third of the
country have wet summer seasons as compared to the winter months. Moun-
tainous areas have light rainfall, the majority of it occurring in the
fall, winter and spring, with very little in the summertime. The West
Coast states secure the majority of their rainfall with the highest
intensities in the winter months. The average annual precipitation
varies across the United States as shown in Fig. 2-2. The effects of
the topographic or orographic influences of the western part of the
country are evident in this figure.

2.2 Available Precipitation Data

Precipitation information is collected by vertical cylindfical raip.gauges
of about 8 inches (203mm) diameter and is usually designated as ''point
rainfall'. The National Weather Service collects precipitatioh data and
publishes the results in the documents Listed in Table“2-1. [The“majority
of the information is presented as isohyetal lines/on geographic maps of
the conterminous United States with separFate sfudjes having been made for
Hawaii, Alaska, Puerto Rico and thezWirgin lshands. The technical publi-
cations, under subheadings A and=By give the‘precipit@hich to be expected
within certain durations and return periods.) A tord@l Wwainfall amount in
inches for a specific duratifen ‘and for.azspecifighrecurrence interval, Is
given on each of the publishéd maps. Thiis presents the rainfall data
required in peak discharge methods such as the“Rational Formula.

Intensity-duration relationships/can be presented as either a rainfall
hyetograph or as an accumulated*rainfald mass curve. Fig. 2-3 sketches
such hypothetical precipitdtion curves™i Neither of these can be obtained
from the usually availabj}e precipitationidata but require that the original
gaugings (with sequentialemeasurements at relatively short time intervals)
be available to develop.the constantly changing hyetograph. For no signi-
ficantly long period,of Time «does the duration of a certain intensity of
rainfall persist beflore it becomes either greater or lesser. For practical
purposes it often\is usefil to represent the temporal pattern of a rainfall
event as a bar ‘graph wisth\each short interval assuming an average rainfall
consistent Mith the continuous hyetograph (see Fig. 2-3). A pattern of
distributioh, of intehsbties during a storm is of practical importance where
designa«in the storm management process must consider storage or pumping.

Of mest pracpical interest for urban highway drainage are the data in the
pubications\listed under "A" in Table 2-1. Technical Publication No. 40
gives thelihch€s of rainfall for durations of 30 minutes, 1, 2, 3, 6, 12

and 24 hours for frequencies of recurrence of 2, 5, 10, 25, 50 and 100

2-6
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National Weather Service Publications - Precipitation Data
A. Durations to 1 day and return periods to 100 vears

NOAA Technical Memorandum NWS HYDRO-35 ''5 to 60-Minute Precipitation Fre-
quency for Eastern and Central United States'', 1977

Technical Paper 40. 48 contiguous states(1961)
(Use for 37 contiguous states east of the 105th meridian for durations
of 2 to 24 hours. Use NOAA NWS HYDRO-35 for durations of 1 hour or less.)

Technical Paper 42. Puerto Rico and Virgin Islands (1961)
Technical Paper 43. Hawaii (1962)
Technical Paper 47. Alaska (1963)

NOAA Atlas 2. Precipitation Atlas of the Western United States~(1973)

Vol. 1, Montana Vol. 11, Wyoming Vol. Itl, Colorado
Vol. IV, New Mexico Vol. V, ldaho Vol. VI, Utah

Vol. Vil, Nevada Vol. VIIIl, Arizona Vol. IX, Washington
Vol. X, Oregon Vol. XI, California

B. Durations from 2 to 10 days and return periods to \l00 ‘yéars

Technical Paper 49. L8 contiguous states (1964)
(Use SCS West Technical Service Cefiter Technical Note - ‘Hydrology -
PO-6 Rev. 1973, for states coveredwsby NOAA Atlas 2.)

Technical Paper 51. Hawaii (41965)
Technical Paper 52. Alaska (1965)
Technical Paper 53. Puerto’Rico and, Virgin lslandss (1965)

C. Probable maximum precipitation (seé Rig. 2-=13)

Hydrometeorological Report 33\ 'States east‘of the 105th meridian (1956)
(Use Fig. 4-12, NWS map for®6—hour PMP(1975). This map replaces ES-1020
and PMP maps in TP-40** Which are based)on HM Report 33 and TP-38.)

Hydrometeorological Report 836. Califotnia (1961)

Hydrometeorological Réport 39. «Hawaii (1963)
(PMP maps in TP-L43%*-are based ‘on HM Report 39)

Hydrometeorologiéal, Report/h3+’ Northwest States (1966)

Technical Paper 38. States west of the 105th meridian (1960)
Technical Paper L2%* Plerto Rico and Virgin Islands (1961)
Technical (Paper 47%#~Alaska (1963)

Unpublished Repof¥tsy
%% Thunderstorms, Southwest States (1972)
Upper RioGrande Basin, New Mexico, Colorado (1967)

% National Weathér Service (NWS), National Oceanic and Atmospheric Administration
(NOAA) , U«Sw.Department of Commerce, formerly U.S. Weather Bureau.

*% Technical papers listed in both A and C

Being replaced by Hydrometeorological Report No. 51 '""Probable Maximum Preci-
pitation East of the 105th Meridian for Areas from 10 to 20,000 Square Miles
and Durations from 6 to 72 Hours', available end of 1977.

**%% Being replaced by Hydrometeorological Report No. 49 '""Probable Maximum Preci-
pitation, Colorado and Great Basin Drainages''.

TABLE 2-1
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FI1G. 2-3 Hypothetical precipitation curves.

years. For example, Figs. 274y 2-5 and12-6 show, the 10-year 1-hour,
10-year 2h~hour and 100-year® I-hout{ rainfall_as ‘given by lines of equal
depth drawn on maps of the contimental United\States. Note that each of
the states in the part of the United States_east of about the 105O meridian
has county lines and the principal parallels“of latitude and longitude.
It is relatively easy to lgcate geographically any specific urban area of
design interest. Then, /bt 'is possible) to read off of the maps, the
values for any specifieo, frequencyNand sequence of durations and plot

a duration-intensityzfirequency graph. The entire family of such curves
for the various frequencies i véadily and quickly obtained for any
location. Thisyplrogcedure is s@ simple that it is preferable to utili-
zing the closest\first ovrder,station record and then assuming the
particular lgCation undemn consideration has identical intensity-duration-
frequency values.

A first_order station of the National Weather Service collects continuous
recopds, of precipitation, temperature, humidity, wind direction and

ve locity, and,other meteorological data. These data are published by the
National Weather Service. Since 1973 the NOAA Atlas No. 2, with its 1l
vobtumes eachy covering one of the western states, replaces for those states
any information given with respect to them in NWS TP No. 40. Technical
Memorandum NWS HYDRO-35 was published in June 1977: '"Five to Sixty-Minute
Precipitation and Frequency for Eastern and Central United States'. The
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information in TP 40 for use for the eastern and central portions of
the United States consequently should be used only for durations greater
than one hour.

For the 11 western states, each with some mountainous terrain, individual
volumes have been developed for each as part of NOAA Atlas No. 2. This was
necessary because of the many areas in those states where orographic influ-
ences of the mountains severely affect the precipitation regimes. Each of
these volumes has plats of isopluvials (lines of equal rainfall depth) for
6- and 2L-hour durations for 2, 5, 10, 25, 50 and 100 years recurrence
intervals. Each of the volumes in Atlas No. 2 alsoc has procedures for
estimating amounts for durations other than 6- and 24-hour. Such/proce-
dures estimate the 1-, 2-, 3- and 12-hour precipitation frequengy values
and give factors for developing the 5-, 10-, 15- and 30-minutesdepth

values as related to the 1-hour values.

The detailed maps of NOAA Atlas No. 2, showing the varidtions in painfall
frequency values in the 11 western United States wereydevéloped tondepict
rainfall frequency values for average copnditions alehg “orographic barriers
and in mountain valleys. At some locations, wheresthe topography departs
significantly from average conditionsy amounts determined.from the
generalized chart may possibly be either an undeh- or over-éstimate. For
these locations, locally available™data could“be considered to modify values
obtained from the generalized charts. Posgsible additional data sources are
the local National Weather Sedvice office,“State Highway Office, State
Hydrographer's office, United.States Geolegical (Survey, Corps of Engineers,
City Engineer's office and Tocal drainage disthiet or utility companies.
Unless there is ample evidence thatthe local data are more applicable than
the generalized charts, such locally derivedydata should not be used.

Similar procedures to that outlined abovesfonr the western states can be
followed in the eastern part of theUnited States, Puerto Rico and the
Virgin Islands, Hawaii ahdjAlaska,\us.i'ng charts from the appropriate NOAA
National Weather Servitce, Technigal\Papers to obtain values for various
durations and frequefcies (see.Subsection 2.4).

2.3 Development, of/Rainfall Intensity-Duration-Frequency Curves

For engineering purposes\?n implementing stormwater management, it is
essential «that it be known for a specific locality, how much rainfall may
be anticipated fopvaspecific time period with an anticipated recurrence
intervaliof x years, For example, what total rainfall may be expected at
Ste, Louisiover ayduration of 15 minutes with an expected recurrence of once
in ‘two years” (or a 50% chance of occurring in any particular year)? The
most receptyNational Weather Service Technical Memorandum NWS HYDRO-35,
reflectedon Fig. 2-7, shows that 3.6 inches (91.4mm/hr) per hour or 0.90
inches (22.86mm) of rainfall will fall within 15 minutes at St. Louis once
every two years on an average. Such information or comparable data for
other durations and frequencies is essential to the current methods of
design of storm drainage facilities (see Chapter 3, "Runoff').
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As a consequence it is desirable for design purposes to develop rainfall
intensity-duration-frequency curves. The manner in which such curves
can be developed from available National Weather Service data is illus=-
trated in the two examples which follow:

2.4 Example 2-1: Intensity-Duration-Frequency Relationships - Humid
Area Ease of 105th Meridian

The utilization of available National Weather Service NOAA Technical
Memorandum NWS HYDRO-35 (Ref. 2-1) and NWS Technical Paper No. 40 (Ref.
2-2) to develop an intensity-duration-frequency curve for a specific
location in eastern and central United States is illustrated by the
following example:

Given: Location - Clayton, Missouri 38039'N; 90020'20”W
Develop |-D-F Curve for 5 minutes to 24 hours, 2 to 100 yeats frequendy

Step 1: From Ref. 2-1, Figs. 4 through 9, obtain the,folMewing informa-
tion: (the figures with an asterisk)

5 Min. 10 Min. 15/Min. 30) Min. 60 Min.
2-Yr. 0.45% 0.72 0.90%* 1.22 1.556%
5-Yr. C0.53> [0.86 ) [1.52.] :
10-Yr. C0.60> 0.971 (473 | C2.25>
25-Yr. C0.69> ENEN| C2.66>
50-Yr. (125 C2.98>
100-Yr. 0.83% [1.37 1 3.30%
Figures are in inchés.y "Multiplysby 25.4 to obtain mm.
Step 2: Intermediate returh periaod values are calculated using equations

9 through 12 of (Reff. 2-1\and=are entered encircled in the tabu-
lation under Step 1. The ,ealculation for the 25-year 15-minute
value (usinGNequation=I%) is as follows: 25-year = 0.669(1.75) +
0.293(.90)\= 1.43.

Step 3: For the 10-minute values use the Ref. 2-1 equation: 0.59 (15-min.
value) + 0.41((5-min. value). For the 30-minute values use the
Ref.v2-1 equation: 0.49 (60-min. value) + 0.51 (15-min. value).
Enter resQhts” in rectangles in tabulation under Step 1.



Step 4: From Ref. 2-2 charts 16 through 49 (e.g. Figs. 2-4, 2-5 and
2-6) inclusive, obtain the following information:

2-Hr. 3-Hr. 6-Hr. 12-Hr. 2h4-Hr.
2-Yr. 1.92 2.13 2.59 3.06 3.50
5-Yr. 2.40 2.68 3.18 3.72 4,38
10-Yr. 2.75 3.12 3.62 4.33 L. gk
25-Yr. 3.15 3.50 L. 23 4,82 5.61
50-Yr. 3.50 3.87 4.61 5.42 6.32
100-Yr. 3.92 k4, 25 5.10 6.00 6.90

Figures are in inches. Multiply by 25.4 to obtain millimetres}

Step 5: Combine tabulations in Steps | and 4, converting them fo jinches
per hour in Table 2-2.

Step 6: Plot the rates versus durations for each frequeneyy resultingin
Fig. 2-7.

2.5 Example 2-2: Intensity-Density-Frequency Relationships Sfen the 11
Western States

The use of available NOAA Atlas No.“2 with its\] 1" volumes,=one for each of
the western states, to develop a ‘rainfall iftensity-deratdon-frequency
curve for a specific location in one of thosé states will be exemplified
by the following:

Given: Location - Santa Fe,)New MeXico” 35.5%% 705.9%W

Develop: |-D-F curve for 5 minutes to 24 hours, 2 years to 100 years
frequency.

Step 1: From Figs. 19 thtough 30+of Refi 2-3, obtain the following (figures
with asterisks)

1-He. 2-He 3-Hr. 6-Hr. 12-Hr. 24-Hr.
2-Yr. [0.861 | 0.98C> .078>  1.22%% 1. h2* 1.62%
5-Yr. [ 127] 278> d.378>  1.55 1.77% 2.00
10-Yr, (1.337] )A.88S> 590> 1.77 2.01% 2.25
25-Yr, 1.65] C.78S> .88¢ 2.04 2.33% 2.62
50-Yr. 14900 Q.06S> Q.18S> - 2.37 2.6L* 2.90
100=Yr. J{208]] @.35O> @.46S>  2.65%% 2.95% 3.25%%*

(0 See Steps 4 and 5)
(<& See Step 6)
(* See Step 7)
Figures are inches. Multiply by 25.4 to obtain mm.

Step 2: Plot the 6-hour and 2k4-hour values of Step 1 on the nomograph (Fig.
6 of Ref. 2-3) of Fig. 2-8.
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Step 3:

Step 4:

From the tabulation in Step 1:
from the isopluvial charts in Re

ﬁl
i

l‘l

l‘l

24 e | —]

Precipitation Depth, Inches
w

HOUR /g/_-
2 T2
5 5 —— ]
= L —=—THOoUR =
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I:—” _l
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2 5 [0 25 50 100

Return Period in Years, Partial-Duration Sehies
ONE INCH is 25.4mm

FIG. 2-8 Precipitation depth versus, return peried for Sarta JFe, N. M.
(Grid From National! Weather Serwice)

Read the intercept !'precipitation depth'™for the 5-, 10-, 25-

and 50-year return peri©dsy./Where these differ noticeably from
those tabulated in Step %, 'strikel the original Step 1 value and
insert the interceptefdqure in its place. These noticeable
departures occur because there\may be slight registration differ-
ences in printing“the isopltvial lines on the background printed
charts; and precise intérpolation between values is difficult.

The isopluyial Vines~inwall volumes of NOAA Atlas No. 2 are for
6-hour amd, 24-hour durations. Values for other durations can be
estimated.using the 6-*and 24-hour values from the maps and the
empisical methods ‘outlined in each volume. The 11 western states
were, separated into several geographic regions each chosen on the
basis of mgteorological and climatological homogeneity. They are
general 1y Jeonbinations of river basins separated by prominent
divides» “Two of these regions are partially in New Mexico.

Emplinjical equations for each of the regions are given in Table 2-3
which /is taken from Ref. 2-3. That reference suggests that where
aspoint of interest is within a few miles of a regional boundary
“computations be made using equations applicable to each region
and that the average of such computations be adopted!.

X, = 1.62; X, = 2.65; Xh = 3.25;

X, = 1.22;
£l 23, 2= 27.6. 3

2-17



40w 40} 3Ix93 99§

(®21A495 Jdyjeom [eUOlleN 4934Y)

wgyOE ‘0 Si 300J4.3Ug
wug TGz S| Yyoup Sup

€-Z 378Vl

199) JO spadpuny u} uoiieas|9 jujod = 7

sdew Aouonbauj-uorjelidiooud wouay on|eA JY-Z 1A-00]
sdew Aouanbeouaj-uojjeiididoasd wouy eneA 14y-9 1A-00]

sdew Adusnbeuj-uoiielidioaud wody onjeA ay-#Z JA-Z

X

X

sdew Aousnbouj-uoljelidiosad wouy SnjeA J4Yy-9 JA-T _x
A

A

1

Il

onpen pajew1se 4y-| 44-00] = O°

an|eA pojlewilsd Jy-| JA-g =
sejgetJen Jo

*uolld|iosap a3e|dwod

‘€-7 *494 40 g °4nbi UL umoys“suoibea STydesbosb 03 49404 sosdyluadded Ul SIDQUNNy

. . . wi £ ¢ . 1001 (z)sutleiunol ojusweltdeg pue
062 96°1 SR 06 @ XA xvm X)] ‘SLr0+n6h 0% N> abuey 031si49 op o4bues Jo 3s°UD
G80° Z.°0 99 96 W X/ XVA xm THE0+I N0 0-=("A pezjjejousab Jo 1som 0D |X9 MON
L1g” 89°¢ aL Uith 780070 -

£ ¢ . 4001 (1)suieijunoy olusuwedoeg pue
m x\_xVA_xm 6Eh 0+L687L= A ofiuey o3siu) op @24bBueg Jo 3soUD
7£0°0 10°1 St 760 | [(*x/ "X)(*x)] 60L-0+812°0 = 4’| p3zI1219us6 4o 3B 03 X0 MON

(sdyauy) (seysu|) |suoilelg | *1190) uojienby Api]i1qed1jddy jo uojbay

9jewlls3i|sanjep-ulg| JO °ON *440) ¥

40 40447 poindwo9

pJepuelg 10 ueol

uoilenbj yoej 4ol sualdweded |[BI]3IS|ielS

Yl1iM O2IXS| MON Ul san|ep Jy-] Bujjewiisy o) suojienbl

2-18



With these data, values for the 2-year 1-hour and 100-year 1-hour rainfalls
can be estimated from the equations in Table 2-3. Since Santa Fe is only
about 11 miles west of the divide between geographic regions 1 and 2 as
defined in Ref. 2-3, these l-hour rainfalls are computed using each set of
formulas for each region and the results are averaged. The computations
yield the following:

Region 2-Yr. 1-Hr. 100-Yr. 1-Hr.
1 0.870 2.237
2 0.854 2.125
Avg. 0.86 2.18

Figures are inches. Multiply by 25.4 to obtain mm.

Step 5: Plot the Step 4, 1-hour averages on Fig. 2-8, connectwthe poihis
with a straight line and read off the intercepts.for l1-hout values
for the 5-, 10-, 25- and 50-year recurrence intervals. Enter all
I1-hour values in rectangles in the tabulation under Step T

Step 6: Ref. 2-3 gives the following eQuations fiop, the computation of 2-
and 3-hour precipitation-frequency estimates:

For region 1 (east) 2=Hr% = 0.342 (6-Hr.) + 0.658 (1-Hr.)
For region 1 (east): @B-Hr. = 0.597 (6-Hr.)"+ ©0.403 (1-Hr.)
For region 2 (west):% 2=Hr. =%0.34T (6-Hr.) )+ 0.659 (1-Hr.)
For region 2 (west)#=3-Hr. & 0¥569 (64Hr.) + 0.439 (1-Hr.)

For each frequency, using the 64 apd-i-hour,fiigures in the Step 1 tabulation,
calculate the 2- and 3-hour estimates and linsert the results under Step 1 as
encircled figures.

Step 7: The 12-hour pregcipitation frequency estimates can be made by aver-
aging the 6- and 24-hour figlres given in the Step 1 tabulation.
Enter the 12%thour estimates with an asterisk.

Step 8: Compute (the“5-, 10-,\J5- and 30-minute precipitation estimates
using the-following information from Ref. 2-3:

Duration (min.) 5 10 15 30
Ratio te Y-Hr. 0.29 0.45 0.57 0.79

Thesenratios areNindependent of frequency and were adopted in NOAA NWS Atlas
NonN2( from Weather Bureau Technical Paper No. 40 (U.S. Weather Bureau 1961)
only vafter investigation demonstrated their applicability to data from the
area covefed by Atlas No. 2.

Step 9: Convert the information tabulated under Step 1 and that developed
in Step 8 to rates in inches per hour and prepare Table 2-4.
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Step 10: Plot, as Fig. 2-9 on log-log paper, the values in Table 2-4.
This gives complete rainfall intensity-duration-frequency data
for Santa Fe, New Mexico.

2.6 Areal Variation in Precipitation

Precipitation data and analytical studies such as are reflected by the
isopluvial. charts of the publications of the National Weather Service
(Refs. 2-1, 2-2,2-3) are based upon the fact that the value read for any
specific point on a chart is the amount of rainfall for that particular
duration which will be equalled or exceeded, on the average, once during
the period indicated on the chart. For many engineering problems sdch, as
storm drainage, the concern is with the average depth of precipitation

over an area and not with the depth at a particular point. Depth-area
curves such as Fig. 2-10 were developed to meet this need (Refs.-2-2 and
2-3). These curves represent the geographically fixed-area dépth-area
relationship where the area of interest is fixed and the storm is displaced
so only a portion of the storm affects the area. The other type of\depth-
area relationship is that in which the storm is centered directly ‘over the
area of interest. The average depth-areéa curves of (Rig? 2-10.are for fixed
areas and were developed from dense netwerks usedrin\preparing jthe National
Weather Service Charts.

Note that the curves of Fig. 2-109(bear out thepgeneral ‘oplinion in the
literature (Refs. 2-4, 2-5 and 2=6) that for,€ngineeking purposes, point
rainfall can be "....a satisfactery index of thﬁ firequency distribution

of areal rainfall' in a 10\sguare mile” (25.9 MmT)\area. The Soil Conserva-
tion Service (Ref. 2-7) states ''No ,areal adjustmerits are to be made for
areas of less than 10 square miles!\

Thus, in addition to climatic and temBoraI Variations in precipitation,

for areas of 10 square miles €25.9 Mm“)\ or more, there is an areal reduc-
tion of statistically processed point .rainfall in accordance with the curves
of Fig. 2-10. ''The dataJised toNdevelop. the area-depth curves exhibited no
systematic regional pattern. Duration_tuEned out to be the major parameter
for areas up to 40Q(square miles.{1036 Mm™). It is tentatively accepted
that storm magnitudes (or return period) is not a parameter in the area-
depth relationship.’ The reliability of this relationship appears to be
best for the_donger durations'' (Ref. 2-2). For highway drainage in urban
areas, iE rarely will (be)necessary to consider areas of 10 square miles
(25.9 Mm“ ) ok greater\as design parameters.

2.7 Ademporal Variation in Precipitation

The\ growing(emphasis on storage in stormwater drainage makes it increasingly
importantsto~develop hydrographs of inflow to the detention facility. This,
in turng requires the use of actual or synthetic time distribution of rain-
fall.
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ldeally, a continuous rainfall record of about 20 years (representative
of the area under study) should be processed and the significant storm
events studied to develop, insofar as is practicable, the general time-
distribution of the precipitation in a single event of a known frequency.

Hershfield (Ref. 2-6) examined a total of 400 storms from 50 widely
separated stations with different rainfall regimes. The storm data were
extracted from hourly rainfall tabulations. The observed storm quantity
increments which were kept in chronological order and expressed as a per-
centage of storm total, were plotted against percentage of storm duration.
The empirical results emphasized the extremely wide range of variability
resulting from the random elements associated with the many storms. ~This
erratic incidence of rainfall is the important factor that complicates

the relationship of rainfall quantity with time. Hershfield prepared an
average curve for each of four durations, 6-hour, 12-hour, 18=hour and
2Lk-hour. Since each curve showed approximately the same average relation-
ship, they were combined into one as shown in the average «curve of Figl
2-11, marked ''"Hershfield 1962'". Also given on this samef figure is=the
""Six-Hour Design Storm Distribution' curve used by the So#l Conservation
Service (Ref. 2-7).

The design storm concept postulates ajra@infall pattérn presumed to
reflect a single storm event with anwassumed fffequency ofirecurrence
interval. Several studies (e.g. Refs. 2-6, 2+8vand 2-9) findicate
clearly the theoretical unrealigysof thiss~ The great wariability in
individual storms is indicated by ' historical mass fainfall curves. The
scatter of the mass curvestwas\so wide- that no typilecal chronological
patterns were evident. No doubt the ‘random vaxiation in the time
patterns results from the fact that/very heayy\rainfalls are generally
associated with highly turbulentiunstable @iy “movements.

The preferable alternative tO,assumingl\a synthetic time-intensity rainfall
pattern is to analyze 20 years or more~of continuous rainfall records on a
complex model. As a practical medification of such an approach, such a
Tong historical ""recordishould beapplied to a calibrated catchment near
the reference weathewr ‘station_te segregate those storms of design interest.
Because only the unusual occurrences are of design interest, there may be
perhaps only twe'dozen or so actual storms of concern' (Ref. 2-9). The
severe limitatiom placed tpon this suggestion for a practical modification
of the ideall approach1s ‘the almost complete lack of time-related rainfall-
runoff dath Nin urban%areas needed to calibrate a representative catchment.

Some ehgineers have formulated storm patterns on the basis of more or less
arbitrary temporal distributions of intensities assumed symmetrical in
timenor in sébmewfashion that seems reasonable (Refs. 2-10, 2-11, 2-12,
2-13) (See Figs )2-12).

A secondNapproach derives storm patterns from the rainfall intensity-
duration-frequency relationships on the premise that thereby, there are
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represented a series of avepagepvalues from/a variety of storms rather
than a sequence of intensitihes in a_particular burst of intense rainfall
(Refs. 2-14 thru 2-20, inclusive).

A third approach devéleps avepage, storm patterns from complete storms
rather than from ifAtense bursbtsof individual rainfall and is based upon
observed historjeal, rain gage records (Refs. 2-6, 2-8; 2-21 thru 2-28,
inclusive).

For long duration storms® a combination of the second and third approaches
has beenddeveloped ‘us'ing the rainfall intensity-duration-frequency rela-
tionships “(Refs ., 2~29, 2-30).

The ffourth approach to the problem formulates a statistical model to
generate a’seqlence of short period rainfall (Ref. 2-31).

Usual ly,Cthe design of urban highway drainage facilities involves small
drainage areas {(less than 500 acres=202.3 hectares) for which there most
often are no reliable records of single bursts of intense rain for a
specific location. Without resorting to historical intense rainfall records,
the second approach appears to be the most practical way to formulate
temporal storm patterns.
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While it is true that storm patterns developed from the second approach
in no manner represent the characteristics of complete storms of long
duration, it is justified for the small drainage areas involved in urban
highway drainage to have a design hyetograph which represents an intense
burst of short duration as part of a longer duration storm. For lack of
a better method presently available in the formulation of design rainfall
patterns for such small watersheds, the second approach will be generali-
zed by using a unified time-coordinate system to describe a temporal
pattern before and after the peak of a storm. It is equivalent to
assuming that a synthetic storm pattern for a small subwatershed of an
urban highway drainage system is a relatively short single-burst pattein
in a longer rainfall with a duration of rainfall equal to the time of
concentration for an entire storm drain system which serves a largér
collection system.

2.8 Basic Equation_of Rainfall Intensity-Duration-Frequency

The basic equation to be used represents the rainfall intensity-duration-
frequency relationship formulated by using the data tm th€& National
Weather Service publications. That basic equation s, expressed, as

r,, = —ere— e (2-1)
+
ey + b)
roy = average rainfall intensity”'n inches per hour ©rmetres per hour
ty = duration of rainfall inwminutes

a,b,c = constants based on precipitdtion data Tn English units
K = one (1) for English unitss; K= .0254 for_metric units.

These constants can be obtained forganyspecific location from the pre-
cipitation data in Refs., 271 ands2=2.and associated National Weather
Service Technical Papers (see Table 2-1). The method for obtaining the
constants from precipitation data'is extended and laborious but Chen (Ref.
2-20) has developed'a relatiVvely simple method of obtaining these para-
meters which soN\determined are%udged to be unique and adequate for each
location studied.

Dr. Chen found that.the“parameter b in the rainfall intensity-duration-
frequengy formulasmaysbe either positiveor negative. He states "A pre-
liminafylanalyshs ©f rainfall data obtained from Weather Bureau Technical
Papers INos. 25 and 40, has indicated that a positive b mainly applies to
a.large section"of the country--perhaps to the portion east of the Rocky
Mountainsz=whei'le a negative b generally applies to west of the Rocky Moun-
tains. JHowever, in some special meteorological areas such as Hawaii

(Table 2= and Ref. 2-32), the value of b was found to be, or almost zero'.
Iin lTight of the variety of the b value to be found in nature, the inten-
sity-duration-frequency formula should use the + sign ahead of
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b [rav = a/(t, + b)°]

Appendix A2 explains Chen's method to develop the coefficients a, b and ¢
in detail and illustrates it in a step-by-step example.

2.9 The Skewness or Gamma Value Determination for a Synthetic Storm Pattern

The time position of the most intense bursts of precipitation in a storm
event Is of importance. Do these intense bursts occur in the initial
quarter or second, third or fourth quarters of a storm? Clearly, it 8
of importance since the largest part of the abstractions (depression
storage and infiltration) occurs in the earlier portions of storms« {The
location of the intense part of a storm has been termed its skewness - if
the peak is exactly at the midpoint, the pattern can be virtually
symmetrical; if the intense parts of the storm are in the inftial part,
it can be termed an '""advanced' storm pattern; if in the latter part, (it
would be a '"delayed' pattern, etc. The symbol 7Y (gamma)i$, used to.imndi-
cate the skewness as reflected in the formulas for a,synthetic storm. A
completely advanced storm pattern (the intense part_.ef\the stofm athits
beginning) is indicated by a gamma value‘ef 0; a completely delayed
pattern by gamma equal to 1; and intermegdiate positjons of the’most inten-
sive part of the storm by gamma vadues, betweenr O, and 1.

The position of the most intenseg.burst isassumed based “Gpon study of the
actual storms of a specific lgcality. ,A method fof)determining the
skewness or gamma value of(a,storm pattern was proposed initially by
Keifer and Chu (Ref. 2-16) ‘and has been)adopted by several investigators
since. This was entirely based_ onlahtecedent tainfall records of arbit-
rarily specified durations of 15§ 30 and 60“minutes, etc. up to t_, the
time of concentration. The gamma value obtained for each specifigd
duration is weighted in proportion to the amount of antecedent rainfall
preceding that duration saofthat a weighted average value of gamma is
computed.  The gamma vallie,so obtained should vary with the a, b and ¢
values used in the rajpnfall intensity-duration-frequency formula as well
as the t_ value foupd\ip)the drainage area under study. This method
appears fo be an acceptably usable technique.

Analytical studies (Ref./2-20) show that the gamma value is no longer of

importance when consideting very small drainage areas with very short

times of concentratien.. Referring to equation 2-1, the gamma value is

of decreasimng importapce as t, approaches zero and as c approaches 0.

The inverse is YNikewise true:  when the drainage area and hence t_become
s . . €

largéryand londery the position of the peak in the hyetograph (i.€. the

gamma~value)sbecomes more important.

2.10 Hyetograph Equations for Synthetic Storms

Chen's presentation of the hyetograph equations for a positive b and his
equations for a negative b follow (Ref. 2-20):
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"Hyetograph equations for positive b

Three types of storm patterns are specified by
of 7 A completely advanced (initial burst)

Y = 0 and a completely delayed (final burst)
Both types which seldom occur in nature may be
of the third type, namely an intermediate type
0 < 7Y < 1.

using the different values
type storm pattern has
type storm pattern, Y = 1.
regarded as extreme cases
storm pattern, which has

For 0 < ¥ < 1
al(1 - o) (ty - t/7) + b]
r = O<t_<_7'td ............... (2'2)
[(e, - t/7) + ]+ €
al(1 -c)(t*)’td)/U")’)"‘b] ;
- Yty <t <ty oo laen (2=3)

[(e-7e)/(0=y) + b3 ¥ €

""Hyetograph equations for negative b

In this case, the value of ¢ cannot .exceéd unity.

Moreover, because of

the nature of Eg2-1, a small portiomof hyetograph for @) three types

must be given a constant intensity, “a/b G BOM- o) /inec)] ©
Hyetograph equatiens for the three

to avoid the breakdown when t £{ b}
types are derived and listed as followst

in order

(1) For ¥ =0
C
r=§.g<_1_:_.c_) B 1- (2-4)
b 1 + ¢ 1 - %
P2 [El - c§]t+-cb] e —2h (2-5)
t-b I -c
(2) For JE=1
a [(l - c)(t =\t)' - b] -
o i , Oititd-]z?c ....... (2-6)
—t)-b]
r=_<]'c> ty " 2b Lty e (2-7)
™+ c 1-c
(3. For0< ¥ < 1
r=a[(l-c)(td-t/7’)’- bl 0< 1< 7e - 2bY (2-8)
’ - = d 1 -c

[(t, - t/¥) - b] * €
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b 1 +c¢ - c 1 -c

— C — -_—
P =2 (1 c») L vt - Y ¢y ¢ v s 20ZY) el (2-9)
1

al(1 - )t = Yt )/(1 =7 ) = b]
[(t-ye)/(-7)-b]' "€ - c

For examining the validity of Eqs. 2-2 through 2-10, substituting the
equation or equations for each case into Eq. 2-11 and performing the
integration over the respective integration limits as specified gives
exactly ravt . However, for negative b, if Eq. 2-11 is satisfied, there
is an apparent discontinuity in r, for example, at t = 2b/(1 - c¢)(in“the

case of ¥ = 0 with r =(a/bc) [(1 - c)/(1+ c)]] T € obtained by $ub-

stituting t = 2b/(1 - ¢) into Eq. 2-5. For application, the(values of

the parameters characterizing the hyetograph equations such as a,b,c,td and
Y need to be evaluated."

in which r is the rainfall intensity.in “inchessper hour (mmsper hour) at
any time in the synthetic storm; Talis the integration variable for time;
and r_ is the average rainfall..intensity m.nches pérx “hour (mm per hour)

and is assumed to be expressible~in the form of«Eqs/ 2-1.

The choice of a value for gamma (79 to’ be used\ in the equations 2-2 through
2-10 can be guided by the experiencesof past\investigators such as those
listed in Table 2-5. Wherever possible it is recommended that a study be
made of the closest hydrologically applicable first order station's pre-
cipitation records choosing the major_storms over a significant period of
record and analyzing them _for a pos§ible average gamma value. Where such
studies are not feasibley it is Suggested that a gamma value of 0.37 to
0.50 be adopted with ithe, lessenvalue used for the shorter times of concen-
tration (e.g. the smaller watersheds). The advanced type of storm pattern
is most likely to™oceur as shoert thunderstorms and where conditions of
design suggest such will_dominate, the gamma value can be reduced somewhat.
Only with the=strongestsupportive local information should gamma be below
0.25. Most. practical(design methods utilize rainfall based on frequency-
duration data whicht¢areéderived from intense bursts of recorded rainfall
rather than from €omplete storms. Since the temporal patterns discussed
herejin ate also based on the recorded intense bursts, the use of such
témporal ‘patterns is both consistent and logical. A typical such syn-
thetbc hyetéghaph is given in Fig. 2-13.

Synthetic“rainfall patterns developed as above described, have the follow-
ing unique characteristic. If any one of the average rainfall intensities
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obtained from development of intensity-duration-frequency data such as
are given in Tables 2-2 or 2-4 for a particular duration, is plotted as
a uniform intensity centered below the peak of the synthetic curve, the
area enveloped by the synthetic curve above the average uniform rate is
exactly equal to the areas between the vertical lines denoting the
beginning and ending of the uniform intensity and the synthetic curves.
For example, on Fig. 2-13, the 10-minute uniform intensity burst with
the area above within the synthetic curves filled in solidly and the
areas outside the synthetic curves but below the uniform intensity
cross-hatched shows that the two hatched areas are exactly equal to the
solid area. Such a relationship is true for all durations encompassed
by the synthetic curves; in each instance the solid and cross-hatched
areas are equivalent.

Recognizing that no such storm probably ever occurs in nature, (it appears
to be a conservative, practical answer to the need for a temp6ral rain-
fall pattern with a reasonable relationship to the frequengy desired /for
the design duration.

It is recommended that for most urban highway storm dfainage design‘where
hydrographs are needed, a synthetic stofm hyetograph ‘he” developed for a
total duration of 1 to 3 hours for thesfrequency desired. |If the total
critical time (time of concentration)\of. the enfite urban~subwatershed is
known (of which the highway drainage “is a part) that total_time should be
used. This approach has an added  advantages Yjin many.instances, the
relatively short duration of rainfall critical for_the ‘highway's urban
drainage, leaves in the chosen' longer duration designphyetograph, addi-
tional rainfall which in manywinstangés will be(sufficient to satisfy

the major initial abstractions, leaving as comntinting abstractions only
the steady minimum infiltration(lesses on pexvious areas. Since this
latter is often quite small, itecan® frequentjly be ignored without intro-
ducing significant error in the drainage des.ign.

Occasionally, design needs\cannot, jistify the effort necessary to develop
a temporal pattern of rainfall in the’detailed manner heretofore dis-
cussed. For short times,of concéntration and small areas in urban
highway drainage, storm_patterns-may be formulated on more or less arbi-
trary temporal distributions ef intensities, assumed either symmetrical
in time or in some~fashion that appears reasonable. Williams (1948), in
discussing a paper (Ref# 2~13), indicated in Fig. 2-12 a striking simi-
farity of pattern arréngements for short storms in Jacksonville, Florida,
St. Louisj;\Mbssouriy Washington, D.C. and Miles City, Montana. Note the
reasonable conformancé of the relative magnitude of the pattern blocks
irrespective of ‘the/widely separated geographical locations.

2..\IV Probable, Maximum Precipitation (PMP)

""Probabde ‘maximum precipitation (PMP) for .a particular area represents an
envelopment of depth-duration-area rainfall relations for all storm types
affecting that area adjusted meteorologically to maximum conditions' (Ref.
2-36). It is used to check detention or other storage impoundments, the
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breaching of which might result in possible loss of life and great
property damage. Under such conditions,. the spillway hydrograph of
outflow from the impoundment should be based upon the PMP. Table 2-1
lists the available NOAA National Weather Service publications con-
taining probable maximum precipitation data. Figures 2-14 and 2-15
give additional guidance to the requisite rainfall data.

For lesser potential hazards and losses than those requiring the use
of PMP, the emergency spillway hydrograph should be based upon pre-
cipitation data for the 100-year return period (Fig. 2-16) plus some
fraction of the difference between the PMP and the precipitation for
the 100-year return period.

Wherever an emergency spillway is required, the minimum rainfall(fer
which it should be designed should be that for the 100-year refturn
period. For very small detention storage in locations wherg an-over-
topping or breaching could not cause significant losses or damage, af
emergency spillway may not be necessary.

2.12 Summary of Significant Design Information in Chapter 2

1. There are available precipitation data that ¢a@n wveadily belused to
develop intensity-duration-frequency\curves fof ‘any locahity in the
United States including Alaska, Hawaili and PlUerto Ricow (Such rainfall
intensity-duration-frequency information is e@ssential\ip methods of
design for the determination of peak runoffi rates, ‘e.g. the rational
method.

2. A relatively simple method of computing the, average rainfall inten-
sities for various durations afd\frequenciés for a specific locality
is detailed and illustrated by.example. (Thjis method requires the data
from only three isopluvial gharfs of the total of 49 charts in U.S.
Weather Service Technical Publication\Noy, 40 (for all of the U.S. east
of the 105th meridian)._‘See Appendix A2.

3. Where storage or pumping requive the development of inflow hydro-
graphs, the time-disiributiomoef rainfall within a storm becomes
necessary. Chapten2 develops equations for the determination of the
rising and fal\ing curves of a synthetic hyetograph based upon the
available rainfall intensity-duration-frequency data for any chosen
frequency,.. \The symthetic storm hyetograph involves a determination of
the time*Joecationiof\the peak rainfall intensity. Preferably, the
designistorm ingludihg the location of its most intense period should

be based upon a\ thorough analysis of about 20 years of historic rain-
fall. )" Lack of Javailability of suitable rainfall records in many locations
together with, disproportionate design costs as related to the magnitude
of the pfoblem to be solved, militate against the preferable approach in
most instances. Unless readily determinable from pertinent historic
rainfall records, the time-location of the synthetic storm peak should
be assumed to be 0.33 to 0.50 of the time from the beginning of rainfall
to its cessation.
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The use of the rainfall data in a specific hydrograph problem is
exemplified in Table 3-8 which determines the effective rainfaill
for a 10-year 2-hour precipitation at Boulder, Colorade. Column

2 lists the rainfall depths at 10-minute intervals (as obtained
from '"Rainfall Fig. 6--3" of Ref. 2-4). Column 4 rearranges the
10-minute increments with the highest rate placed at the 40-minute
point and the other increments in descending amounts grouped either
side of the peak rate. This is a judgement decision. The proce-
dure for determining the net or effective rainfall starting with
the rearranged incremental gross rainfall is discussed in Chapter 3.
The effective rainfall is then used in applying the unit hydrograph
to achieve the outflow hydrograph as given in Table 3-9.

If there had not been available a 10-year rainfall intensity-dunation-
frequency curve (from which to obtain the rainfall depths for column

2 of Table 3-8), such values could be computed from the apprOpriate
equation comparable to equation A2-19 determined in the manner dis-
cussed in Appendix A2.

L. For runoff determinations where only the peak is %f interest (e.g.
the rational method), the rainfall vallle required{fer” the frequency
and time of concentration involved) caf\be obtaifieds from a kainfall
intensity-duration-frequency curve devedoped fromsthe isopluvial charts
and formulas in the appropriate National Weather Servieelpublication.
Or the appropriate equation simillag "to equatijon A2-}9%can be deter-
mined in the manner discussed(inyAppendik A2.
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APPENDIX A2

Precipitation Formula Parameters a,b and ¢

A2.1 Chen (Ref. 2-20) adopts the general rainfall intensity formula:

Foo= K (A2-1)

av C
(td + b)

in which roy = average rainfall intensity in inches per hour (mm per<hour)

td time duration of rainfall in minutes

a,b,c = storm parameters for a specific frequency; these depend on
meteorological localities.
K = one (1) for English units; equals 25.4 fdr metric umits.

""Because this equation can be expressed, in logarithmicsform and hence is
linear in '"log rav“ and "log (t + b)" for a givemyvalue of b, Jthe deter-

mination of a, b and c values can, be \acComplished™in a systematic manner
by using the method of least squakes and an, optimizationtechnique
similar to the method of steepest descent.fop optimizing an unconstrained
problem. The optimization prdblem formulated hereim, (Ref. 2-20) is
tantamount to the one to filnd\the a, b\and ¢ valuds for minimizing the
expression ’

n . .
- J . J 2 -
F(a,b,c).— jgl MNog Foy Teg atc 1og(td +b) 1% ...(A2-2)

The rainfall intensity-duration-frequency data obtained from Ref. 2-2
can be used for this computation.!

To obtain these pafameters fer\a'/variety of frequencies for a particular
locality involvessPesorting“to all 49 charts of Ref. 2-2. Consequently,
Chen analyzed ‘the_manner in which the charts of Ref. 2-2 were constructed
and developed the follewihgless laborious yet satisfactory approach to

the determination of (standard storm parameters ays b] and <, which describe

the ratios, of various duration intensities to the l-hour intensity for the
same frequencys ( The reader is referred to the original Chen development
in Ref. 2-20.

To) determine 3 b] and < Chen proposes the following:

a=ar’ (See Eq. A2-9) .....cvn... (A2-3)
b=by e (A2-4)
C = Cp ceeresaiiiiiiitiiatiiiieene, (A2-5)
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rT;vtd =t ay e, (A2-6)
(td + b)
100, 1
X TETTTT e (A2-7)
av
T, t alrl.og,] Tog) (1027777 )
ra; d= : - ~ ettt (A2-8)
(tCI + b)

This equation (A2-8) is the general expression of the rainfall iptefisity-
duration-frequency relationship. To make use of it, there must-fiirst be
determined for the specific locality, the values of a, b, ¢ and X from
three basic isopluvial maps with the help of Fig.2-17 which Lhen prez
pared as described in Ref. 2-20. Use of Fig.2~-17 requirés the ratio/of
the one-hour to 24-hour rainfall depth for the 10-year frequency... Thé
value of x as expressed by equation (A2-7) is the ratio“ef the 100-year
to 10-year rainfall intensity for l-hour duration.

Equation A2-3 must be replaced by

10,1 log (102—XTX-]) ........... (A2-9)

2= PN 10

The validity of Chen's shorter methodyusing Figs! 2%k, 2-5, 2-6 and 2-17
plus Equation A2-8 was checked by cofparing thé mainfall intensities of
various durations and frequencies obtained fxom the shorter method with
those obtained from all 49 isopluvial maps, of jRef. 2-2,

There follows an example of ¢the/use of Chen!s shorter method.

The formulation of designistorm pafferns for New York (40.4°N, 74.0%)
requires the determination of the\storm parameters a, b and c.

Step 1: From Figst 2-44 2-5-and’ 2-6 obtain the following:

10-years¥-hour rainfall : 2.15 inches
10-year 24-hour rainfall ‘ 5.20 inches
100-year d-hour rainfall 3.11 inches

Ratio 2.Jd5/5.2 = 0.413
Ratio 3.01/2.15 = 1.447 = x

Step 2: Ffom Fig. 2-17 for the ratio 0.413:

a) = 23.9
b] = 7.85
c. = 0.75

1
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Standard Storm Pdarameters
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FIG. 2~17 Relationships between standard storm parameters and the ratio of

I-hour to corresponding 24-hour rainfall depth.
(After Chen, Utah State University).
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Step 3:

Step 4:

Step 5:

Substituting x = 1.447 in equation A2-9:

O.553T0.447

]
[

(23.9) (2.15) log]0 10

00.553T0.447

[1)]
il

51.39 10910 1

For various return periods T(years) compute the corresponding
values of a from equation A2-11 and substitute into equation

A2-1:
r . +23:22)0.75 S PR ¥ (A2=12)
ry = (td +3§:ZZ)0.75 =2 L.&L.... (A2-33)
r 4h.48 R X, o8N (A2-14)

(t, + 7.85)
ry s +5;:Z§)0.75 =100 e, (A2-15)
P > +6:::z)0.75 P25 ... (A2-16)
- - +6;:2§)0 75 T=50 cevenennnns (A2-17)
s - +7;:;§)0.75 T =100 cevunennnn. (a2-18)

Using equations A2=12\through A2-18 and durations of 5 minutes to
24 hours,)compute the rainfall intensities given at the left-hand
side of, &ach column in Table 2-6. The comparable intensities in
the" night-hand\side of each double column are values obtained
from”“the i'sopluvial charts of Ref. 2-2. A comparison of the
Mntensities 'obtained from equations A2-12 through A2-18 with
thosesobtained from the 49 isopluvial maps indicates that the
formew afe within the tolerable accuracy.

This compafison leads to the conclusion that equation A2-8 or more speci-

fically, fon New York City

51.39 10910(100-553T0.h47)

0.75

r
av

(t, + 7.85)

2;

L1
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can be used to compute the average rainfall intensity F v (in/hr) for

any duration t (minutes) and return period T (years). The a, b and ¢

values so determined are believed to be as accurate as those computed
directly from the 49 maps in Ref. 2-2.

Chen computed equations similar to A2-19 for the cities of Los Angeles,
Chicago, Miami, Houston, Denver and Olympia (Washington) and calculated
rainfall intensities for the same durations and frequencies as in Table
2-6. Comparison with information taken from the 49 pluviagraphs of Ref.
2-2 results in finding, in most cases, that the calculated are compatibile
with those obtained directly from the charts. |t can be concluded that
the values of the standard storm parameters ar, b] and ¢y as calculated

are adequate for each location studied.

Note that the ratio of the 1-hour to the corresponding 24-hdurjrainfall
depth, for the 7 cities studied in detail, ranges over a broad spectirum
of values.
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CHAPTER 3

RUNOFF

3.1 General

Better judgement can be exercised in the design of facilities for
the management of stormwater if there is understanding of what
actually occurs from the time a runoff-producing storm starts until
the storm and runoff cease. The principal phenomena of this part of
the hydrologic cycle are:

3.1.1 Precipitation

The high intensity short-duration bursts of rainfall in thunder-
storms are the usual type of precipitation contributing to critical
urban runoff. For the rainfall frequency chosen by the desigher,
the necessary intensities for the durations of design jnterest can
be obtained from intensity-duration-frequency curves developed as
outlined in Chapter 2. |If the design method requires hydrographsy
the necessary temporal rainfall distribution may be ‘developed ‘as
discussed in Chapter 2.

3.1.2 Interception

The part of rainfall that is,ketained by, the leafy or aerial portion
of the vegetation is termed the "interception Toss'!s This is either
absorbed by the leaf surfaces or retunned to_ thehatmosphere through
evaporation. In general, between(0.02 and O, M0 inches of rain is
held on foliage before appreciable=drip takes place. In the quan-
titative sense, rainfall intergeption by\vegetation is rarely of
importance in connection withGurban highway storm drainage and may
properly be ignored in design.

3.1.3 Infiltration

Quantitatively, the ‘wos't significant abstraction from rainfall before

it becomes runoff\is infiltration. For the purposes of storm drainage
hydrology, infiltrationscapacity is the maximum rate at which water

can enter the, soil of.a particular area under a given set of conditions.
Actual infiltration (the passage of water through the soil surface into
the soilNahd percolation (the movement of water within the soil) are
closely related(wiith the lesser of the two governing the abstraction of
rajififall through “infiltration. Most field infiltration capacity curves
approach a steady minimum rate after less than one hour. Relative
minimum infiltration capacity for three broad soil groups are (Ref. 3-1):

Soil Group Infiltration Capacity

In/Hr mm/Hr
Sandy, Open-structured 0.50-1.00 12.7-25.4
L.oam 0.10-0.50 2.5-12.7
Clay, Dense-structured 0.01-0.10 0.3-2.5
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The Unified Soil Classification System (Ref. 3-2) gives the following
expanded grouping of minimum infiltration rates for the more commonly
encountered soil groups:

Unified Soil

Description Group Symbol Iin./Hr. mm/Hr.

Sand and gravel mixture GW, GP 0.8-1.0 20.3-25.4
SW, SP

Silty gravels & silty sands GM, SM 0.3-0.6 7.6-15.2
to organic silt & well devel- ML, MH
oped loams oL
Silty clay sand to sandy clay SC, CL 0.2-0.3 5.1-746
Clays, inorganic & organic CH, OH 0.1-0.2 225=5.1
Bare rock, not highly —-—- 0.0-0.1 0 -2.5

fractured

The infiltration mean values are for uncompacted soi]s. \Eor compacted
soils, infiltration values will be decreased by percentages ramging, from
25 to 75, the variation depending on the\degree of “compaction=~and the
type soil encountered. The great infllence of végetal covervon infil-
tration capacity is evidenced by the faet that,bare soilinfiltration
capacity can be increased 3 to 7.5 times with,good permanent forest or
grass cover. Little or no increasedresults’with poopsgrowth crops.
Many factors influence infiltpation capacity including soil type,
moisture content, organic matter, vegetative cover(and season. Ante-
cedent precipitation such as/high intensity rajns Jof short duration
coming after a dry period significantily affectsN\soil infiltration
capacity. Fig. 3-1 shows the variations to, be'expected due to the
soil character as well as the egffects of Initial moisture content.

It is noteworthy that for mogt¥soils, the infiltration capacity curve
reaches a substantially constant ultimate)infiltration capacity rate
after a relatively short-period, 30-45 minutes ordinarily.

3.1.4 Depression Storage

Some of the precipiftation whieh reaches roofs, pavements and pervious
surfaces is trapped in the many shallow depressions of varying size
and depth present on praetically all surfaces. Obvious difficulties
in obtainipg'meaningful /data have militated against measurement in the
field of the 'specific\magnitude of such depression storage.

Hicksy(Ref. 3-5)N\in Los Angeles, used depression storage losses of
0.20,.0.15 apd 0*10 inches (5.1, 3.8 and 2.5mm) for sand, loam and clay
fespectively, Jbased upon analysis of periods of high rates of rainfall
and runofifs’y Fholin and Keifer (Ref. 3-6) for Chicago, developed from
analyses, Overall depression storage of 1/bk-inch (6.35mm) on pervious
areas with a range of depth of specific depressions of up to 1/2-inch
(12.7mm); and 1/16-inch (1.59mm) on paved areas with a range of depth
up to 1/8-inch (3.18mm). Fig. 3-2 shows the to-be-expected correlation
of depression storage with slope.
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3.1.5 Qverland Flow

That portion of rainfall that exceeds a local infiltration rate develops
a film of water on the surface until overland flow commences to travel
over the ground surface to a channel. With each outflow rate at the
lower end of a sloping plane surface, there is associated a detention
depth which is a measure of the storage effect due to overland flow in
transit. Horton (Ref. 3-4) stated that this initial detention '"....
commonly ranges from 1/8-inch (3.18mm) to 3/4-inch (19.05mm) for flat
areas and 1/2-inch (12.7mm) to 1.5 inches (38.1mm) for cultivated fields
and natural grasslands or forest'. Fig. 3-3 indicates some experimental
detention flow relationships.

Gallaway, Rose and Schiller (Ref. 3-9) analyzed water depth datalobtained
from experimental tests on different types of surfaces and developed Fig.
3-4 to indicate the effects of the principal variables on thé water depth
at 24 feet (7.315mm) from the crown line of the surface for vatrying faip-
fall intensities, average texture depths, drainage lengths\and cross-
slopes. Note that the sheet flow water depth on a pavement increases with
rainfall intensity, drainage length and flatter crogssslopes. (!t decreases
with increases in the average texture depth. The measured average texture
depth for 9 different types of pavement/surfaces(shows a range of .02
inches (.5imm) to .03 inches (.76mm).\ ‘See Table 3<1.

The information given by Figs. 3%=3 ‘and 3-A4Nis)of panticular significance
with respect to the phenomenoniknown as '‘hydroplandng!'. The inability of
the sheet flow on a pavement to move from direchly(béneath the tires of a
moving vehicle is the basigscause fot the slidinglor hydroplaning. |If the
depth of the texture of the'pavemefit’;surface ‘does not permit water to flow
out away from the tire contact sukrface andaif.the tire surface has no water
escape routes between the high™areas of the tread pattern, the water film
under the tire contact lends{itself to potential sliding or skidding.

Loss of control of the vehicle can then occur.

As shown by Figs. 3-3 and/3-4 the sheet flow depth is increased signifi-
cantly by higher ratés of runoff \(from greater rainfalls), by increased
lengths of overland flow, by/fiatter overland flow slopes and by smaller
texture depths, (The highway ‘désigner can favorably influence some of
these factors. “Fot example, a L48-foot pavement can be crowned to have
two 24-foot shabs drainbng®away from a common crown or the entire 48 feet
can be drained to one.edge. In the absence of other compelling reasons,
a design to have the ‘sheet flow no deeper than that at the edge of a 24~
foot wide pavement'with a reasonably good cross-slope would be the pre-
ferabje “¢choices, \The highway pavement design and specifications should
achieve as dukable a deep-textured pavement as practicable.

Utitizingthewkinematic wave formulation nomograph for determining time

of concentration for overland flow, Fig. 3-5, it is found that these vary
for 1/8-inch per foot (1.04mm per metre) cross-slope as follows:
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Average depth of surface detention, D,, inches
o 0.0l 0.02 00501 02 0.5 1.0 0.02 0.050.1 0.2 05 IO

0 0.010
5.0 A—H—A A+ %Lo.oos
20 "?/’2/ / 0.002
ALY 0110
05 Ve 94 /g_(_ 2 100005
100

0.2 / // /r 0.0002

2/71 M?
0.l ! 3438 0.0001
ONE INCH is 25.4mm

Rate of runoff, in./hr.

Surface sunoff, cfs/ft. of width

Curve no, Surface Length, ft.
| Paved surface 12
2 Paved surface 72
3 Bluegrass sod 12
4 Bluegrass sod 24
5 Bluegrass sod 48
6 Bluegrass sod 7e
7 Bluegrass sod 2-72

FIG. 3-3 Detention-flowy,relationshipswof overland flow. (Infiltrometer data

from 12 ft. ‘plot by H.N. Heltan; othef lengths by C.F. lzzard.)
FromiHandbook of Applied Hydrology, Ven Te Chow, Editor-in-chief.
Copyrightv/964 by McGraw-H7i{/\Book Co. Used by permission of
Mc Graw -Hill Book “Company.
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E \‘Drcmuge Length=24f4. o
= =

Q 0 Drainage Length = 24 ft.
N // Cross Slope=nl/8 in. /tt. (1/96)
=0:04 -0.04 e e
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Average texture depth, in. Rainfall intensity, in./hr.

ONE INCH is 25.4mm

FIG. 3—-4 Water depths versus variables for combined surfaces.
(After Gallaway, et al.)



Rainfall Rate Overland Flow Length Time to Reach

in./Hr. mm/Hr. Feet Metres Equilibrium, Minutes
1.5 38.1 24 7.315 1.5
1.5 38.1 36 10.973 2.0
8.0 203.2 36 10.973 3.9
1.5 38.1 48 14.630 2.4
8.0 203.2 48 14.630 k.6

The significance of these figures is that for highway pavement runoff, the
overland flow portion of the time of concentration almost always will be
less than 5 minutes. To this must usually be added the time of flow jifinthe
gutter or swale to the first inlet. Such gutter flow time generally=will
be at most, 1 to 2 minutes. |t is recommended that a minimum inlet‘&€ime of
5 minutes be used for the upper most inlet. The relatively smaldimass runs
offs involved for times less than 5 minutes taken together withi\consideration
of minimum pipe size make it inadvisable from practical considerations, ‘to
design for shorter inlet times. Reported inlet times formunicipal jipban
drainage design vary from 5 minutes in densely developed™steep areas\to 10
to 15 minutes in well developed districts with relatively-flat sTepes. In
very flat residential areas with widely_spaced inlets ,\times of 20 ‘to as
much as 30 minutes are customary.

Heretofore, various formulas and nomographs (Refs. 3-14 4nd 3-33) have been
presented for total time of concentration or“for the ovenland flow portion
of the time of concentration. A.thoroughgsstudy by thezURiversity of
Maryland (Ref. 3-11) found that, the soundest, most"kealistic formula for
overland flow time of concéntration T.was the following kinematic wave
equation: N 6 .6

K Lo' n’
T X= N (3-1)

.
1

o)
with TC in seconds; Lo thefoverland fTew length in feet or metres; n the

Manning roughness coefficdignt of\the*pavement; | the rainfall rate in inches
per hour or metres pefr hour; and™Sh the overland flow slope in feet per foot
or metres per metrel \Kiis 56~for Eng]ish units, 26.285 for metric units.
Fig. 3-5 is a nomograph for the sclution of the kinematic wave overland flow
equation in Enghish’ units.

The kinematie.wave théory nomograph is consistent with the latest concepts
of fluid mechanics %and considers all those parameters found important in
overland flow whehthe flow is turbulent (where the product of the rainfall
inteps, ty, and lendth of the slope is in excess of 500).

When“using the, nomograph, the following Manning roughness coefficients are
recommendéd: .0.013 for concrete and 0.50 for turf. Since these values are
in close agreement with normal flow data, Manning coefficients obtained
from normal flow experiments on other surfaces are probably satisfactory
for use.

In using the nomograph the designer has two unknowns as the time of con-

centration and the associated rainfall computations are started. The
problem is one of iteration or trial and error. A value for i must be

3-10



Equation solved by nomograph: LO.G n'€
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FIG. 3-5

Nomograph for determining time of concentration for overland fiow,
Kinematic Wave Formulation. (4ffer Ragan.)
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assumed and Fig. 3-5 will give a related time of concentration. The
assumed rainfall intensity must then be checked against the rainfall-
intensity-duration curve for the frequency of recurrence chosen for the
particular design problem.

An overland flow represented by L = 150 feet, S = 0.02, n = 0.500 (turf)
and the 25-year intensity-duratioﬁ-frequency curle is delivered to a swale
2100 feet long with an estimated average flow velocity of 5 feet per second
or a swale time of flow of 7 minutes. The time of concentration at the,lower

end of the swale is determined as follows:

Assume i is 5 iph (Rational method); From Fig. 3-5, tc = 21.];TC=28.I;
from Fig. 2-7, i = 4.2

Assume i=hL.2; from Fig.3-5, tC =22.7; TC
Assume i=4.0; from Fig.3-5, t. =23.0; TC
Use TC = 30 min. and i = 4,05 iph.

29.7; from Fighl2-%/, i=4.,1
30; from Fig.(2-7, iz4.05

Thus, it is found that the time of overland flow concentrationfplus, the time
of flow in the swale is 30 minutes with“a related 25-year rainfall intensity
of 4.05 iph. At the head end of the siale, the overland flowst would be
calculated as follows: ¢

Assume i is 6 iph; from Figs/ 3-5, t. = 197 min.,\from Fig.2-7: i=5.1

Assume i = 5.1 iph; from,Rig. 3-5, S 21.0 win%; from Fig.2-7: i=4.92

This is satisfactory.\“Use i = 570}

The swale for this example wouldh\be _designed, for the greater design flow of
either that at the upper end, using the appropriate C and A with i assumed
5.0 iph (or cfs/acre) or that'at) the lower™end with its appropriate ¢, and A
with their related i of 4.05\iph.

In most instances, the total time“ofconcentration includes flow times in
swales, gutters and/of ‘eohduit sreaches and it is then advantageous to estimate
such latter times pFrior_to eyvaluating total time of concentration.

3.1.6 Gutter §Storage

The overland flow entering a gutter is zero at the upstream end and
increases progressjvely /downstream. The flow in the gutter is spatially
varied and\the longitidinal water surface profile is complex; it has been
discussed in detailpelsewhere (Refs. 3-6 and 3-10). Gutter storage
genefally has & gréater peak-reducing influence than the surface detention
of\everland _flew and requires a longer time to achieve equilibrium outflow.
Long gutters, sometimes provide a surplus of storage above that required to
accomodate’ the’ rainfall excess. This, in turn, results in a gutter outflow
rate at ‘the inlet less than the equilibrium rate. Clearly, routing the
overland flow hydregraph through storage in the gutter or channel leading
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to an inlet requires an evaluation of the instantaneous storage under
the water surface profile for various rates of flow at the inlet.

For most practical design involving small tributary areas supplying
gutter flow, there is practical recognition of the gutter storage in
the use of the rational method wherein the time of concentration for
the overland flow at the upper end of the gutter has added to it the
time of flow in the gutter length to the inlet.

An approximate modified Manning equation (Ref. 3-10) computes uniform
flow in shallow, wide, triangular channels such as swales and gutters:

Q=K (z/n) s2d%3 (322)

where Q is the discharge in c¢fs or cubic metres per second, d is ithe
depth of water in feet or metres, z is the ratio of water sufface width
to d, n is the Manning coefficient of roughness consistentrwith the
constants in the equation and S is the longitudinal slopeyof the
channel. The coefficient K is 0.56 for English units, 0.377 fordmetric
units. A nomograph for this equation is available in\English @nits, as
Fig. 5-1. From this equation or the nomegraph thet¥e ‘can be ©obtained
maximum water depth in the gutter which/wirll indicate the extent to
which stormwater flowing along the edgevof the‘paVement énwroaches on
the traffic lane. Also, there can be obtained\the average’velocity in
the gutter which can be used to_determine.that part ©f “the time of
concentration involved in the,flow from the)upper end of the gutter to
the inlet.

3.1.7 Conduit Storage

In the same basic way that any“detention storage diminishes the height

of an inflow hydrograph, thelvelume of, detefftion in a conduit can effect
a reduction in the peak rate of flowsef the hydrograph. If satisfactory
discharge-storage relatjlonships are avalilable, storage routing can be
applied. Such relationships necessitate the computation of instantaneous
backwater curves. Since, only the trate of change in storage is necessary
to solve the storage ‘equation,\it is considered expedient to assume a
uniform flow condition for each discharge rate and compute the conduit
volume occupied“by’ the fidow, This requires a knowledge of actual or
assumed condUit cross-sections.

If the flow is in_a.,pressure system no peak reduction factor is appli-
cable since the ¢onduit is usually full before peak flow is reached. The
mos " common desgn”practice is to have the storm sewer just full or
1hghtly surcharged at design flow. Peak flow design methods used for

the majority of urban highway storm drainage are not compatible with

fPow routing techniques. Coupled with the general accuracy of the methods
and techniques of storm drainage design, these facts do not justify any
reduction in design of peak flow rates due to conduit detention.



3.2 Rational Method

Currently (1978), and for the past 50 to 75 years, the overwhelming
majority of storm sewer design has utilized what is termed the
""Rational Method' to express the direct relationship between rainfall
and runoff. (In the United Kingdom this method is known as the Lloyd-
Davies Method). The traditional formula is expressed as:

Q = KCiA Ceeeeenas ettt (3-3)

Q is the peak runoff rate in cubic feet per second or cubic metres per
second at a given point; C is a runoff coefficient representing the“ratio
of average rainfall to the peak runoff during a period termed thel time of
concentration; i is the average intensity of rainfall in inches pef hour
or mm per hour for a duration equal to the time of concentration”and for
a frequency of recurrence of that rainfall that has been chosen or is
required for the design problem under scrutiny; A is the, tributary /area
in acres or hectares; K is a coefficient equal to one _for Englishiunits,
equal to 0.00275 for metric units.

Time of concentration discussed more Fully latery Ps defined‘as the time
of flow from the hydraulically farthé€st point ¢f>the drainage area to the
design point under consideration.

The peak runoff rates determined by careful Juse of sthe/rational method
have been found to be satisfdctory for relatively smail areas. Checks
against observed rainfall-rfuncff infarmation (unfortunately very scarce
for urban areas) have indicated thdt génerally,\the rational method for
small areas will give peak runoff%» semewhats\higher than those actually
observed (Heimstra and Reich,(Refw’3-12, Missouri State Highway Depart-
ment, 1972, Ref. 3-13). Thisypublication lrecommends that the rational
formula be used until the watershed area reaches approximately 500
acres (202 hectares). Current recemmerdations by others range from
maximums of 200 acres (80.9 hectares) (Ref. 3-14) to one square mile
(259 hectares) (Ref. 3416); in some™instances, the rational method is
considered satisfactory for aféas up to 1000 acres (405 hectares)

(Ref. 3-15). ItJis\ Fecommerided that for areas larger than 500 acres
(202 hectares) sbuts less than-about 750 acres (304 hectares), the peak
rate of runoff be estimated by both the rational method and by another
means suchsas the unijt hydrograph method. In that range in area sizes
the method\that produces the larger peak runoff should be used. Above
750 acres (304 hettares) up to several thousand acres (over 500 hectares)
the hydrograph @method of runoff determination is recommended.

3.2.1" ‘Coeffiicient of Runoff

The runoff ceefficient C, in the rational formula, is the parameter

most fraught with the difficulties of precise determination since it
lumps together an evaluation of several physical aspects of the runoff
phenomenon. The runoff coefficient characterizes the following variables
among others: antecedent precipitation, soil moisture, infiltration,
detention, ground slope, ground cover, evaporation, the shape of the
drainage area and overland flow velocity. Clearly, a high degree of
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engineering judgement and experience are desirable for viable estimates
of the runoff coefficient for a particular set of circumstances.

The use of average coefficients for differing kinds of surfaces with
such coefficients assumed not to vary through the duration of the storm,
is common practice (Table 3-2). It is generally agreed, however, that
the coefficient of runoff for any particular surface varies with respect
to the length of time of prior wetting.

Horner (Ref. 3-18) suggested variations with time in two curves, one

for completely impervious surfaces and the other for completely pervious
surfaces of dense soils. These are characterized by rather rapid
increases in the coefficient in the first 40 to 60 minutes followed by
much slower increases to substantially constant values after about (120
minutes. Mitci (Ref. 3-19) has developed a general formula which”sub~
stantially reproduces the Horner curves. as well as intermediate~ones

for other percentages of imperviousness:

0.98¢
L ol + ¢t

0.78t _ >
P+ 3T 17 378 (1-P) &L, .¢3-4)

in which t is the time from beginning of rainfall imminutes and P%is the
percent of impervious surface. Fig. 3z6%\graphs this formuld feor the range
of 0% to 100% imperviousness. These (curves cannet/be used difectly to
determine the applicable runoff coefficient sinee the averdge rainfall
intensity used in the rational method is not\iPxed in lany time sequence
of the rainfall. Experience has ‘shown that Nn the dreat majority of
significant storms the most ihtensive,rainfall pcCuks appreciably after
the beginning of precipitation. Forthis reason\i% is erroneous to
assume the start of the time of concentration“end the beginning of rain-
fall to be coincident. Usuallys\agiubstantial,period of rainfall will
have occurred before the beginnfnghvof theftimé of concentration and
consequently, the low coeffigcients indicated/at the beginning of rainfall
are in no way representative\of storm‘conditions when the average design
intensity occurs.

To properly use the G vwalues of=Fig. 3-6 the following procedure is
suggested using a Winnepeg, Canada example (Ref. 3-20):

1. Given: Resjidential Subdiwision
61 acres (24.69%hectares) total area
Average strface slope less than 3% average
Percent \imperviousness 32% (roofs assumed draining onto grass)
5-year, rainfall defined at 5-minute intervals
Longest time of travel of runoff from collector's headwaters
te ‘the main intercepting sewer in Winnepeg: 3 hours
Point under design has a 12-minute time of concentration
5-year rainfall intensity equation (Ref. 3-20):

KL7.2
(td+8)

. 828



Runoff Coefficients - Range for Different
Kinds of Surfaces

Character of Surface Runoff Coefficients
Pavement
Asphaltic and Concrete 0.70 to 0.95
Brick 0.70 to ,0.85

Roofs 0.75 to 0.95

Lawns, sandy soil

Flat, 2 percent 0,05 to 0410

Average, 2 to 7 percent 0.10 tof0\I5

Steep, 7 percent 0.15 to 0720
Lawns, heavy soil

Flat, 2 percent 0.13 to 0.17

Average, 2 to 7 percent 0.18 to 0.22

Steep, 7 percent 0.25 to 0.35

From: ASCE-WPCF ""Design @nd“Construction of Sanitary and Storm
Sewers'', ASCE Manuals’ and Repohts on Engineering Practice
No. 37, New York(1969.

TABLE 3-2
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in which i equals inches per hour or metres per hour; ty is the time

duration of rainfall in minutes; 47.2, 8 and 0.828 are storm parameters
determined from precipitation data in English units; and K, a coefficient
equal to one (1) for English units and equal to 0.0254 for metric units.

Synthetic rainfall peak at 0.33 x 180 or 60 minutes from start of rain.

2. Assume start of 12-minute design rainfall at (60 - .33 x 12) or 56
minutes from start of 3-hour storm.

3. Assume end of 12-minute design rainfall at 56 + 12 or 68 minutes from
start of 3-hour storm.

4. From Fig. 3-6 for 32% imperviousness and times of 56 and 68 minutes,
read C = .63 and .67 or .65 average. Attention is directed to the
fact that if the C value is obtained from the first 12 miputes of
Fig. 3-6, it would have an average value of about 0.26s or*40% of (the
more realistic C of 0.65. Even at 12 minutes, the Cevalue is only
0.38 or 58% of 0.65.

Chicago (Ref. 3-6) used a 3-hour total duration ofdthe synthetlc design
rainstorm '"....to cover the time of tnavel from headwater towoutlet in
the largest individual sewer systems within Chicage''. Mohtreal (Ref.
3-19) selected three hours for the ‘same reasen\''....toscover all inter-
mediate periods''. Winnipeg (RefV 3=20) alse Uses threé-hours presumably
for the same reasons. For urban @areas wilth)largest sewer system travel
time less than three hours, use the computed travel jtime but in no
instance use less than two\howrs. The sole purpose of assuming a rea-
sonable enveloping time of travel s .to ensure ‘the placement of the
critical short duration rationale method rainfall intensity within a
longer storm for suitable choice of the Clvalue from the curves of Fig.
3-6. Where a careful study &fCrecord storms’is not made to determine

the position of the most intense periods “of rainfall, assume the criti-
cal short duration intensity (that (conforming to the time of concentration
of the point under design) to be‘symmetrically placed either side of the
midpoint of the longer system storm. This will then give the time
positions which, tegether with\the design imperviousness of the tributary
area, permits a determinationwef C from Fig. 3-6.

The foregoing™describes ‘the choice of a rational method C value whenever
the rainfahlndesign® firequency is a 10-year or less recurrence interval.
For tongeryrecurrenceNintervals modification of the 10-year C shall be
made as \follows,. ( Fer the chosen design frequency and percent of
impefwiocusnessy, enter the chart of Fig. 3-7 and determine the ratio of
the, C.for theNdesign point to the maximum C for the 100-year frequency
(which maximum, is assumed to be 1). It then becomes necessary to deter-
mbne the(ratie’ for the 10-year frequency. The 10-year C value is then
modified by the quotient of the chosen design frequency ratio divided

by the 10-year frequency ratio. The procedure is illustrated by example:
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Given: Commercial Subdivision, 15 acres (6.07 hectares), Clayton,

Missouri

65% imperviousness

25-year design frequency

Longest time of travel of runoff from collector's headwaters
to point of discharge: 2 houts

Point under design has a 10-minute time of concentration

10-year rainfall intensity (from Chapter 2) for 10-minute time
of concentration: 0.97 inches or 5.82 iph (147.8 mm per hour)

25-year rainfall intensity for 10 minutes time of concentration:
1.13 inches or 6.78 iph (172.2 mm per hour)

Solution: From Fig. 3-7 for 65% imperviousness, find for 10-year
recurrence interval ratio of 0.776 and for 25-year recurfence
interval a ratio of 0.886. The 10-year C value shoukdi.then
be multiplied by 0.886/0.776 or 1.14 to obtain the.b.for the
25-year recurrence interval.

The time of concentration would be between the 2-hour storm time ,of \55
minutes and 65 minutes. From Fig. 3-6, for 65% impervious area for these

times, C is 0.76 to 0.78 or an average of 0.77. Thus)the rational method
gives the 10-year peak runoff as:

Q = (0.77) (5.82)415) = 67,2 cfs (=903 m’/s)
The 25-year rational method pe@k is:

Q= (0777 x 1.14)(6278) ¢15) =789.3 cfs (2.529 m3/s)
If the 10-year C value is used Wnchanged to“determine the 25-year peak,
the latter becomes 78.3 cfs (2+2%'m3/s).( The influence of frequency is

significant. The development\of' Fig. 3-7 is/described in Appendix A-3.

3.2.2 Time of Concentratlon

It is assumed that the maximum/rate of flow resulting from a certain rain-
fall intensity over theswatershed area is produced by that rainfall
maintained for, aftime equal te’/the period or time of concentration of
flow at the point=tnder ,consideration. This is generally described as
that time required for surface runoff from the hydraulically most distant
part of the 'drainage (basin to reach the point being studied. The esti-
mation of\the short times of concentration usual in urban drainage is of
considerable impgrtance in the application of the rational method. This
is sojpbecause the“average rainfall rate for a duration corresponding to
the time  of cencentration must be determined from the rainfall intensity-
duration-frequency curves (Fig. 2-7). These curves show a relatively
greater drop.in intensity values with increased duration for the shorter
duration rainfalls. Clearly, if a time of concentration is estimated
that is actually longer than that which realistically occurs, the rain-
fall intensity obtained from the intensity-duration-frequency curve will
be lower than that which actually should be used in the rational formula.
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In urban storm drainage, the time of concentration consists of an inlet
time which usually is made up of the time required for overland flow
runoff to reach a collecting swale or gutter plus the time of flow in
the swale or gutter to the uppermost inlet in a storm drainage system.
If point of design interest is below the uppermost inlet, there neces-
sarily would be added time of flow in the drain from the inlet or inlets
above the point under design. The inlet time varies with the .surface
slope, depression storage, surface cover, antecedent rainfall and
infiltration capacity of the soil, as well as the distance or length

of overland flow. As earlier discussed, the last of these items for
paved surfaces suggests a practical minimum inlet time of 5 minutes

for roadway pavements and paved swales and it is recommended that that
be the minimum inlet time for roadway drainage. For inlets pickindg up
water from a grassed swale, a minimum inlet time of 10 minutes ig
suggested. This latter assumes that in some instances, real inlet“time
may be somewhat less than 10 minutes but the total volumes of)runoff
involved between the real inlet time and the assumed 10-minute/ time ate
such that only minor ponding in the swale might exist for wery short
periods of time at the inlet itself. Gutter, swale, channel and
conduit flow times can be closely estimated from thedr hydrauldc
properties.

The principal need for determination ‘of./a timedof=Concentpation is to
select the average rainfall intensity“for a duration equal/to that

time for the frequency of recurrence’ that hashbeen decided upon. The
values in rainfall intensity-duration-freguency curves*are made up such
that generally speaking, the‘shotrt times of concentration involved in
urban drainage designh, occupat some(point in a storm after some prior
rainfall has occurred. It \is re-emphasized here”that the values given
by intensity-duration-frequency curves bear“no'relation to the position
of the period or duration in the\storm event, for which average rate of
rainfall is needed for design‘purposes. That is, if a 30-minute
average rainfall rate for_,a W-year frequency is desired, it would be
picked off from the extreme left, pdart, of the chart. This does not, in
any sense, mean that the/averagé\ intensity of rainfall given by the
curves occurred in the \irst 30 minutes of any specific rainfall period.

3.3 The Unit Hydrograph Method

3.3.1 Introduction

For urban\watersheds\ldrger than about 500 acres (202 hectares) and
smaller| than abodt\2000 square miles (518,000 hectares) (Ref. 3-34),

or where, storage, of significant character is involved, it is recommen-
ded that” the “design storm runoff be developed by the unit hydrograph
method. THe ‘upper drainage area limit is of no practical concern for
urban storm drainage except as a perennial stream may border or
traverse @’populous area.

A graph showing the discharge of flowing water with respect to time
is a hydrograph. This visually integrates all the climatic and
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physiographic characteristics of a drainage basin as such character-
istics govern the relation between rainfall and runoff. The complexi-
ties of the basin characteristics are reflected in the time distribution
of runoff at the point of interest. Concentrated storm rainfall usually
produces a typical single-peak distribution curve as a hydrograph. When
there is abrupt variation in rainfall intensity and abnormal groundwater
recession or a succession of closely spaced storm rainfalls, multiple
peaks may appear on a hydrograph. The reflection of time-related rain-
fall and flow as shown by a hydrograph is invaluable in understanding the
processes that determine runoff.

3.3.2 Types of Hydrographs

In watershed work there are four types of hydrographs suitable for 'dse:

1. Natural hydrographs are those obtained directly from the Jflow
records of a gaged stream channel or condult.

2. Synthetic hydrographs obtained through the use gf\watershed
parameters and storm characteristics to simulate a natural hydrograph.

3. A unit hydrograph is defined as a hydrograph of a direct runoff
resulting from 1 inch (25.4mm) of efféctive rainfall generated uniformly
over the basin area during a specified periodeof time orl duration.

L. A dimensionless hydrograph is onermade to represent many unit
hydrographs by using the timerto)peak,andithe peakijrates as basic units
in plotting the hydrographs..in, ratios.of these unilts; sometimes this is
called the '"'index hydrograph''.

As defined above, the unit hydrograph cansbe“wsed to develop the hydro-
graph of runoff for any quantity, of effective rainfall.

The unit hydrograph theory depends upen the above definition and the
following assumptions:

1. Within its ,ducatiion the effective rainfall is uniformly distri-
buted throughout the entiredarea of the basin.

2. At any point onga,stream the discharge ordinates of different
unit graphs(are directdy\proportional to the total amount of direct
runoff represented by\each hydrograph. That is, a rainfall excess
(direct, runoff) of 2 ‘inches (50.8mm) within the unit duration will
produce\a surface/runoff hydrograph having ordinates twice as great as
thosenof) the 1%inch (25.4mm) effective rainfall.

3. The.base or time duration of the direct runoff hydrograph due
to an efféctive rainfall of unit duration is constant.

L. The effects of all of the combined physical characteristics of
a given drainage basin due to a given period of rainfall are reflected
in the shape of the hydrograph of runoff. This includes, for the specific
basin, the shape, slope, surface detention, permeability, drainage pattern
and channel storage.
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Use of the unit hydrograph is limited in the following manner:

a. The principle of the unit hydrograph is applicable to basins
of any size. To derive unit graphs it is desirable to use storms well
distributed over the entire basin which will produce runoff nearly
concurrently from all parts of it. Rarely do such storms occur over
large areas. The areal extent of rainfalls that have been observed for
a region of interest, will therefore determine the extent of the basin
for which a unitgraph may be derived from observed data. This limita-
tion has little practical meaning for highway drainage in urban areas.

b. Relatively small amounts of snowmelt runoff in actual hydro-
graphs make them unsuitable sources for unit hydrographs.

c. Rainfall upon extensive snow cover retards the runoff and
increases the time of concentration such that unitgraphs cannetsbe
derived from such rainfalis.

d. The physical characteristics of a watershed remain) relatively
constant but the variable nature of rainfall cause variations in the
shape of the resulting hydroegraphs. Rainfall duratieny time-intenstity
pattern, areal distribution and amountsef\rainfald each can (affect
hydrograph shape. Each possible duration of rain{which cesults in 1
inch (25.4mm) of runoff from rainfalhlgeneratéd uniformly/dver the area
produces a separate unitgraph. SIANreality, '"the effect of small differ-
ences in duration is not largegand a tolefance of +425% from the
established duration is ordin@rildy acceptable. Fopther, a unit hydro-
graph for a short duration\of _rainfald ecan be used“to develop hydrographs
for storms of longer duration'' (Refw, 3=34).

Practically, a unit hydrograph_is based onn the assumption of a uniform
intensity of runoff for the unitpduration and the time-scale of intensity
variations that are criticaldepend pringipally on basin size. '"If the
unit hydrographs for a basin are applicable to storms of shorter dura-
tion than the critical time” forsthewbasin, hydrographs of longer storms
can be synthesized quite easilys “A'basic duration of about one-fourth

of the basin lag is™generally.satisfactory'' (Ref. 3-34).

Areal distributien/of rainfallvis unimportant for urban highway drainage
since virtually all such drainage involves areas too small to be sig-
nificantly influenced/by vareal rainfall distribution; no major changes
in hydrogeaph shape would result.

A basiewassumption of the unit hydrograph is that the ordinates of flow
are lproportional, ‘to the volume of runoff from any storm of the same
duration. Actually, it is known that the duration of the hydrograph
recession=iswa) function of the peak flow. For practical use, the assump-
tions of ‘@ constant hydrograph base and ordinates proportional to runoff
volume awre satisfactory for engineering purposes. The principal under-
lying these assumptions is that modifications of the discharge hydrograph
due to storage are independent of the magnitude of the runoff. This is
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not rigorously true but for practical purposes, it s condition approxi-
mated in natural channels or cross-sections for bankfull stage or less

but is not applicable to abrupt changes in section properties such as
those which accompany floodplain storage or overbank flows. The unit

time of the unit hydrograph is the actual duration of the precipitation
excess which, of course, varies with the actual storm. |t should not be
confused with the unit hydrograph duration. Experience has developed that
in general, this unit time is approximately 20% of the time interval
between the beginning of runoff from a short, high intensity storm and

the peak discharge of the corresponding runoff.

3.3.3 Base Flow

It should be borne in mind that the unit hydrograph represents sdrfiace
runoff only. |If the watershed under study has a persistent low filow at
the design point in between rains, it may be necessary to sepakrate such
base flows from the total flows to construct a proper unit hydrograph.
Fig. 3-8 (Ref. 3-35) shows typical actual hydrographs with\dashed Ytines
illustrating methods of separating base flow from surface/flow. «These
graphs indicate the ideal conditions of isolated storms occurping ‘at
times of low flow; the separation procedure is thetefore relatively
simpie. The first separation was made as“indicated by line“a.) Con-
sideration of the manner in which_groundwater bui¥t up ddping rains

in similar basins suggested that aNline such,as b was sfore’nearly
correct. The permeability of the watershed\soils is~the/ principal
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factor in whether the groundwater elevations adjacent to the stream

rise more or less rapidly than the stream elevations. Judgement based
upon the best available knowledge must decide which circumstances
probably govern. |If the groundwater rises more rapidly than the

stream, the slope of the water table toward the stream increases and
line a of Fig. 3-8 should be modified as shown by line b. Groundwater
discharge does not act in an erratic or jerky manner and consequently,
the line of separation must be a smooth curve tangent to the actual
hydrograph both where it leaves it and where it rejoins it. The surface
water hydrograph has its ordinates above the separation line. In devel-
oping a unit hydrograph from actual record rainfall and related flow
records, a base flow separation such as described above should be made
if the circumstances warrant.

For the usual circumstances governing urban storm drainage: some “if

not all closed drains, often supplemented by shallow swales (Which inter-
cept no groundwater), and significant amounts of impervious dreas - base
flow is rarely a practical consideration in developing a.pertinent
unitgraph. Another fact in urban storm drainage is thelusually very
short response times. Only under quite unique circungtances wouldgthe
infiltrated rainfall flow through the sW@ils so rapidly“as to-signifi-
cantly augment the rapid collection offsurface fdows. The logical,
practical conclusion is that where the (urban highway drainage involves:
using the unit hydrograph, the theoretical neged ‘to consider base flow

in detail can be ignored.

3.3.4 Basin Lag

Studies of the unit hydrograph haveyfound a principal parameter to be
basin lag which is defined herelin as/ the time [from the centroid of the
effective rainfall to the runofifS\peak. ThelNag time reflects the effects
of basin shape, slope, roughness’, etc. Snyder (Ref. 3-25), for a simi-
larly defined lag, found for“the basins of the Appalachian Mountain area
that the lag tp in hours_can be

\ 0.3
tp = K Ct(LLca)

where L is the\ length of the mainstream from the point of interest to the
watershed divideyin milgs\ox kilometres; Lca'is the distance in miles or

kilometres., from the same ‘point of interest measured along the mainstream
to a point opposite thé centroid of the basin. The coefficient K is one
(1) foA\English units, it is 0.75 for metric units. Snyder found the
coeffiicient Ct towary from 1.8 to 2.2 with some indication of lower

valued for steeper sloped basins. Eagleson (Ref. 3-26) calculated Ct for

fiive sewered’areas in Louisville, Kentucky as listed in Table 3-3. There
are two Houston, Texas and one |llinocis sewered urban areas also listed
in the table (Ref. 3-27). Note that for the sewered areas with consider-
able channel improvements (the usual suburban condition) the average
coefficients for areas under 10 square miles (2590 hectares) are: C

0.25 and C_ 2.06. The influence of urbanization on these coefficierts
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F. F. SNYDER SYNTHETIC UNIT HYDROGRAPH
COEFFICIENTS FOR SEWERED URBAN AREAS

Cc *
Drainage t Mean Baslin
Hr. Per
Sewered Area Percent 3/5 K/C Slope
Area No. Sq.Mi. Impervious | Mi. Ko t P Ft. Wer Ft.
2 0.22 83 0.22 298 | 1355 | 0.45 00923
3 1.90 50 0.27 393 | 1455 | 0.6l .00361
4 2.77 70 0.21 153 | 730 |.0W24 . 00290
5 6. 4L 48 0.32 Lo2 | 1255 110,63 20024 L
6 7-51 33 0.21 383 | 4825 | 0.60 . 00355
White Oak 92.0 0.45 73| 162 011
Brays 100.0 0.29 69" 238470.41
Boneyard L.64 37. 4 0.54 187 | A45| 0.29

One square mile is 2.59kmz; Ohe foot, i's, '0.3048m

ATl

sewered areas - from Ref.
White Oak and Brays, Housten, Texas, areas from Ref. 3-27.

Boneyard Creek, Urbanay 111inoisss/ from Ref. 3-27.

3526

.

information fer areas 2=6N\inclusivesfior Louisville, Kentucky

All areas except,Boneyard have extensive urban development with

storm sewers apndihconsiderable channel

improvements.

Boneyard areahes extensiVve urban development with storm sewers

but no channed

improvement.

% F.F. Snyder Coeffichent - Ref. 3-25.

x t =
P

TABLE

cfs 'per square mile hour.
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is clear; Snyder found for natural Appalachian watersheds: Ct of 1.8
to 2.2 and Cp from 0.56 to 0.69. See later discussion under the

""Colorado Urban Hydrograph''. These average urban coefficients assume
the area under design is less than 10 square miles (2590 hectares) and
more than 100 acres (40.47 hectares) with a virtually complete storm
drainage system consisting of sewers supplemented with considerable
channel improvements.

3.3.5 Effective, Excess or Net Rainfall

A necessary and critical first step in the development of a hydrograph
based upon the unit hydrograph is a determination of the net or excéss
rainfall. The total volume of runoff resulting from a storm rainfald
is that portion of the precipitation that produces direct runoff and
is often called ''net', '"excess" or '"effective rainfall''. Thevamount of
runoff from a storm event largely depends on detention, infiltration;
evapo-transpiration, etc. or what are sometimes termed ''losses'' or
"abstractions'. These are related to the soil type, antededent p&in=
fall, type of vegetation and the amount of impervious{ cover. The\per-
vious areas will abstract depression sterage and ipfil¥ration_and
there will be depression storage on theyimpervious) areas.

The Soil Conservation Service (Ref: "3223) has'developed.a methodology

for determining the amount of nét erveffective ‘rainfall through the use
of runoff curve numbers. Thesg“curve numbers (CN) reflect the effect of
the hydrologic soil-cover complex on the amounteof/mainfall that runs off.

3.3.5.1 Hydrologic Soil Groups

SCS ‘has classified for hydrologie purposes four soil groups defined as
follows:

A. (Low runoff potential) Soids_ having high infiltration rates even
when thoroughly wetted amd consisting chiefly of deep, well to excessively
drained sands or gravels.” Theseszsoils have a high rate of water transmis-
sion.

B. Soils haying moderate_infiltration rates when thoroughly wetted
and consisting ‘chiefly of moderately deep to deep, moderately well to well
drained soils.with modetately fine to moderately coarse textures. These
soils have_a moderatel rate of water transmission.

C.\Sol'ls hayingw¥slow infiltration rates when thoroughly wetted and
cons isting chiefly/of soils with a layer that impedes downward movement
of\waterior soils with moderately fine to fine texture. These soils have
a_s low rateof ‘water transmission.

D.{(High runoff potential) Soils having very slow infiltration rates
when thoroughly wetted and consisting chiefly of clay soils with a high
swelling potential, soils with a permanent high water table, soils with
a clay pan or clay layer at or- near the surface and shallow soils over
nearly impervious material. These soils have a very slow rate of water
transmission.
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More than 4000 soils have been given a hydrologic soil group classifi-
cation (Ref. 3-23). Some of these classifications were based on the
use of rainfall-runoff data from small watersheds or infiltrometer
plots of the SCS but the majority are based on the judgements of soil
scientists and correlators who used physical properties of the soll in
making their decisions. To use the classification in estimating runoff
it is necessary to know the approximate area of each soil and for large
watersheds, its location by hydrologic unit (each hydrologic unit is
the drainage area of a minor tributary flowing into the mainstream or

a major tributary). Areas between minor tributaries are combined and
also assumed to be hydrologic units. The state soil scientist can be

a primary help in classifying the soils of the particular watershed
under study. Fig. 3-9 indicates the steps required to determine
percentages of hydrologic soil groups.

3.3.5.2 Runoff Curve Numbers

SCS (Ref. 3-24) has runoff curve numbers which can be used, to determine
effective runoff for areas expected to become urban, thesg underfdevel-
opment and those already completely urbanized. Table 3-4 lists the
proper curve numbers to be used for the\land use déseriptiop=noted.

For areas in which the values in this/table do not.directlyapply, it
is suggested that separate curve numbers for gach=perviol®, condition be
weighted in accordance with the applicable area.” Such™a‘weighted CN
for the total pervious area can‘\then be weighted with, the impervious-
ness CN for the entire area to obtain a composite_rupoff curve number.
Fig. 3-10 (Ref. 3-24) which asstimes a*CN of 98 or/ 100% impervious
areas can be used to choose/a»composfite “CN. <Al example follows:

100 —
o 1 on=80
5 peruioes
< o ' =10
» 80— e ol
z peryios
— ;60
> . o)
« el
s °e '_60
2 )
- i '?e"\\\‘o ”b‘o
z q\o"
3 >
=3
[o]
o

0] 20 40 60 80 100

Percent impervious

FIG. 3-10 Percentage of impervious areas vs. composite CN's for
given pervious area CN's. fAfter Soil Conservation Service).
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(b) "*Hydrologicysoil

(a) Detailed soils map.
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(d) Computations
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Steps in determining percentages of soil groups.

(After Soil Conservation Service).

FIG. 3-9
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Runoff curve numbers for selected agricultural, suburban
and urban land use.(Antecedent moisture condition II, and

Ia = (0.28)

.. Hydrologic Soil Group
Land Use Description X R C 5
Cultivated landl/: without conservation treatment 72 81 88 91
¢ with conservation treatment 62 71 78 81
Pasture or range land: poor condition 68 | 79 86 89
: good condition 39 | 61 | 74 (| 80
Meadow: good condition 30 | 58 J 791 78
Wood or forest land: thin stand2 poor cover, no mulch 45 66 77 83
good cover= 25( 95| 70 ( 77

Open Spaces, lawns, parks, golf courses, cemeteries, etc.
good condition: grass cover on 75% or more of the area j (39 | 61774 | 80

fair condition: grass cover on 50% to 75% of the area 49 | 690V 79 | 84
Commercial and business areas (85% impervious) 89 92 | 94 95
Industrial districts (72% impervious) 31 88 91 93
Residential:éj L/

Average lot size Averdge,7Z Impervious—
1/8 acre or less 65 77 | 85 90 | 92
1/4 acre 38 61 75 83 87
1/3 acre 30 57 72 81 | 86
1/2 acre 25 54 | 70 | 80 | 85
1 acre 20 51 68 79 84
Paved parking lots, roofs, driveways, etc.éj 98 98 98 98

Streets and roads: 5y

Paved with curbs and=storm sewersZ 98 | 98 | 98 | 98
Paved with open ditches 81 | 89 | 92 | 94
gravel % 82 85 21
Irt 72 | 82 | 87 | B9

l/For a more detailed description of agricultural land use curve numbers refer to
S.C.S. Natienal Engineering Handbook, Sec. 4, Hydrology, Chap. 9, Aug. 1972.

Q/Good covervis protected from grazing and litter and brush cover soil.

3/

=’ Curve™numbers ‘are computed assuming the runoff from the house and driveway is
directéd towarnd the street with a minimum of roof water directed to lawns where
additional infiltration could occur.

4)

—'The remainhing pervious areas (lawn)are considered to be in good pasture condition
for these curve numbers.

5/

= In some warmer climates of the country a curve number of 95 may be used.

TABLE 3-14

(After Soil Conservation Service)
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Compute the runoff curve number for a 1000-acre (40L4.7 hectares) water-
shed. The hydrologic soil group is 50 percent B and 50 percent C inter-
spersed throughout the watershed. The land use is:

L0% residential area that is 30% impervious

12% residential area that is 65% impervious

8% paved roads with open ditches

10% paved roads with curbs and storm sewers

16% open land with 50% fair cover and 50% good cover
14% parking lots, plazas, schools, etc. (all impervious)

Using Table 3-4 and Fig. 3-10, display the data given and compute the
runoff curve number.

Hydrologic Soil Group

B C
Land Use Pct. CN Product Pet. LN Product
Residential {(30% impervious) 20 72 1,h40 20 811,620
Residential {65% impervious) 6 85 . 510 6 90 540
Roads with open ditches L, 89 356 L <92 368
Roads with curbs and sewers 5.\, 98 490 5( 98 L9o
Open Land:
Fair cover L _69 276 L 79 316
Good cover 4§ 6n 244 L 74 296
Parking Lots, plazas, etc, 7 98 666 7 98 ___686
50 L 002 50 4,31

Thus

4,002 + 4,316
100

Weighted CN = = 83.18 (use 83)

3.3.5.3 SCS Mass Runofii/Equatien

Fig. 3-11 (Ref. 3-2h)“shows schematically, curves of accumulated storm
rainfall P, runoffQ and infiltration plus initial abstraction (F + 1_).
The initial abstraction consists principally of interception and surfice
storage all of which occux before runoff begins. For convenience in
estimating kunoff, initial abstraction includes all storm rainfall
occurring before surface runoff begins.

For thelsimpler, sitorm the relation between rainfall, runoff and retention

(khe/rain not converted to runoff) at any point on the mass curve, can be
expressed as

F_Q -
T=T el (3-6)
e

where F is the infiltration or actual retention occurring after runoff begins
in inches, S is the potential retention in inches or mm, Q is the actual
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direct runoff in inches or metres and P_ is the potential runoff or
effective storm rainfall (storm rainfall, P, minus the initial abstrac-

tion) in inches or mm. With F = Py, - Q, equation 3-6 can be written as

Accumulated
Rainfall (P)
Accumulated
Runoff (Q)
= L Accumulated i
2 F+lg 5
[o]
S P
<t (9,
-
T P
Times, T
FIG. 3-11  Schematic cur¥es “of accumulated rainfall (P), runoff (Q),

and Ninfiltratiomplus initial abstraction (F+Iu) showing
the relation expressed by equation 3 -9, '
(After Soih Conservation Service).

The initial abstraction (1 ) in inches or mm estimated from an
empitical relatien based of SCS data from small watersheds is

l,=0.25 ... Ceeees (3-8)
Substituting, develop the basic SCS equation
2
_ (P - 0.25)
Q= 5B R e Ceeeen (3-9)
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The potential retention S in inches or mm is related to the soil and
cover conditions of a watershed. This, in turn, is related to the
runoff curve number by the equation

1000

CN = T 00" crrerreeeeess (3-10)
from which
_ _1000K _ _
S = N 10 e, (3-11)

The coefficient K is one (1) for English units, for metric units it s
given by the equation

¢ = {s_+ 10)CN
R Y

with S in metres.

The basic runoff equation is solved in Table 3-5 (Ref. 3-2L4) for ‘a’range
of curve numbers and rainfall depths iminches with Yinterpolation feasible
for intermediate values of either factor.n The Qthus determined is the
effective or net rainfall mass which\becomes direct runoff.

From the CN for the watershed under ‘designaand the applicable rainfall
depth for the chosen design frequency, Table 3-5 and Fig. 3-12 give the
runoff depth in inches (a_solution to%equation 43-9))

For a specific design problem, aft€r ‘having determined the runoff mass,
it becomes necessary to develop.theshydrograph® of runoff.

Having developed the mass efifective rainfald which is equivalent to the
mass direct runoff, it is_necessary .to, determine its time distribution.
For most urban drainage_problems, it is jnecessary that the time distri-
bution be at 5-minute.or” J0-minute intervals. The frequency of the design
rainfall to be used for, the stormMdrainage under consideration will have
been chosen. From(intensity~duration-frequency data, determine the 5-,
10-, 15-minute, @€btchy rainfall.mass values, ascertaining the mass added by
each 5 minutesuntil the total® mass equals the previously developed mass
net rainfalle, Then rearrange the 5- or 10-minute rainfall rates, placing
the highest\iptensity centered about the assumed highest point of the
rainfall“distribution Curve (see Precipitation chapter) with a stepped
successjion of legser’5- or 10-minute intensities on either side of the
highesty until ‘the/proper mass net rainfall is developed.

The“resulting, time~distribution of the net or effective rainfall is then
ready fof tramslation to a hydrograph of runoff.

3.3.5.4 *Synthetic Unit Hydrograph

While it is preferable to derive unit hydrographs from actual rainfall-
runoff measurements, the paucity of usable data from urban areas makes it
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necessary to utilize formulas relating the physical geometry and char-
acteristics of a watershed to the hydrographs resulting from known or
assumed rainfall. The synthetic unit hydrograph is a reasonable approach
to the determination of runoff.

3.3.5.5 Snyder's Synthetic Unit Hydrograph Relation:

Franklin F. Snyder (Ref.3-25) developed empirical relations correlating
the dependent variables of lag time and peak discharge with various
physiographic watershed characteristics. Basin lag is defined as the
time from the centroid of effective rainfall to the hydrograph peak.
This is the preferved definition over the more rigorous time difference
between the centroid of effective rainfall and the centroid of runoff.
Clearly, the first definition is simpler to apply. Snyder found,\ from
his studies of basins in the Appalachian Mountain region, basin, lag t
in hours could be expressed by equation 3-5. P

To develop an equation for peak flow, it is necessary tgadopt a standard

unit duration of excess rainfall t . Snyder found t, =“//5.5 a“workable
. r ¥ P

assumption. (3-12)

For rains of this duration, the unit hydrograph. péak q (cfs/sq.mi.) can
be obtained by: P
,KCP

t
( p

K is a conversion factor of 640 to giVe qp in cubjc feet per second per
square mile; and equal to 7"to give qp in cubic*metres par second per

square kilometre. C, is a coefficient ranging from 0.56 to 0.69 for Snyder's
data which are for natural watérsheds. C_ 46 discussed for urban areas

under ''Basin Lag' and "The Colorado.Urban Hydrograph''.
The synthetic approach\represented by equations 3-5,  3-12 and 3-13

always gives an initial/\unit hydrograph with an excess rainfall duration,
t equal to tp/5.5. With changes in duration of the unit hydrograph,

changes in lag \thme do occur. “For other durations tR (hours), the

modified lag becomes
tor =
with tpR the adjusted lag time in hours
t] theoriginal lag time in hours

+ 0.25(tR - tr) ............. (3-14)

This modifiged”lag is then used in equation 3-13.
Successful use of the Snyder synthetic unit hydrograph formulas depends
upon a determination of the coefficients Ct and Cp. Where a gauged basin

of similar characteristics to those of the problem area is not available
for direct determination of the applicable coefficients, it is suggested
that the coefficients be chosen as discussed in the subsequent paragraphs.
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As additional data from urban areas accumulate, it may well be that an
orderly relationship can be found between such major parameters of
urbanization as imperviocusness and main channel improvement as well as
general topographic slopes.

3.3.5.6 The Colorado Urban Hydrograph

In 1969, the Denver Regional Council of Governments Issued a two-volume
"Urban Storm Drainage Criteria Manual' (Ref. 3-14). In this manual,
utilizing the Snyder Synthetic Unit Hydrograph Method, there was devel-
cped a method of computing the hydrograph of runoff based upon some
rainfall-runoff measurements. In May 1975 and July 1977, the materiall
covering the CUHP (Colorado Urban Hydrograph Procedure) was revised to
reflect the analysis of accumulated data between 1967 and 1973 on™I19
different urban watersheds in the Denver-Boulder metropolitan pegien.
The statistical analysis involved ninety-six 5-minute hydroggpraphs
derived from flood events on those watersheds from the derived/unit hydeo~
graphs. The Snyder time and peak coefficients Ct and C were obtained.
The equations follow: P

7.81

(v )0.78 for Pa 2 30%ercent 4 N.....om0N (3-15)
a

in which Pa is the percentage of the watershed which 6" fmpervious.

The egquation for Cp is:

\ 046 | )
Cp = 0.39Ct ........... (3-16)

Fig. 3-13 from the Denver studiesvshows the/Vlag or time to peak, T , in
hours ‘against the watershed pakameter LLCa in square miles. The P

50% imperviousness line on this figwré“was drawn first because more data
were available over a larger range ‘of the watershed parameter LLCa° The

lines Tor other percentages of(imperviousness were subsequently drawn
parallel toc the 504 Nne on the*lag curve.

The Denver studies’ states, VThe scatter of the data on Fig. 3-13 is
attributed poNthe fact. that the runoffs observed during the 1967-1973
period wepe mainly smal) floods. Based on unit hydrograph research in
this field, (Eagles6n,wRef. 3-26; Minshall, Ref. 3-28; Schulz and Lopez,
Ref. 3-29; and.Vénsickle, Ref. 3-30), there is a tendency for non-
line@rity and scatter to exist among the unit hydrograph parameters when
the umit hydregiraphs are derived from small amounts of rainfall excess''.

Fig. 3-14 haswaccompanying it a list of small urban watersheds for which
data exXists concerning unit hydrographs and such data are shown on Sheet
2 of Fig. 3-14. These non-Denver data support the validity of the curve
for equation 3-15,
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UNIT HYDROGRAPHIC STUDY IDENTIFICATION

Ident. Drf\'riige “a | Tt
Number Stream (sq.mi.) (%) :
7 Wooden Bridge Run, Philadelphia, PA 3.35 22.1 0.76) 8350
9 Poquessing Cr. at Trevose Rd., 5.1 12.5 1.74]12. 48
Philadelphia, PA
8 Wissahichon Cr. at Bells Mill Rd., 53.6 16.3 1522 [10.76
Philadeiphia, PA
10 Pennypack Cr. at Pine Rd., 37.9 9Nl 1.45( 8.2
Philadelphia, PA
20 Brushy Cr. at Highway 311, 0.55 37 oWkl | 6.85
Winston-Salem, NC
23 Turtle Cr., Dallas, TX 7.98 L7 0.37]| 7.-45
31 Cole Cr. at Guhn Rd., HouSgon, TX 7.05 L 2.25| 6.63
32 Brickhouse Gully at Costa Rica St4,| 10.5 1.13] 5.72
Houston, TX
33 Waller Cr. at 38fhwSt., Austing TX 231 27 0.51| 6.67
48 Anacostia Cr. AL 72.4 2.7 2.36| 5.12
L9 Boneyard Cr. at Urbapag JiL L. L5 37.4 | 0.45| 7.59
57 Salt Fork, West Bfanech, IL 71.4 4 2.42| 7.14
58 Louisville at 17Ath St., KY 0.22 83 0.22} 6.91
59 LouisvilleyNorth Trunk Sewer 1.9 50 0.27| 5.71
60 Louisvilfey, West Qutafatll, KY 2.77 70 0.21| 5.77
61 Louisvi Mey” SouthN\0dtfall, KY 6. 44 48 0.32| 6.55
62 Louisville, Southwest Outfall, KY 7.51 33 0.21 3.21
Stapleton.Airport, Denver, CO 100 0.211 7.5h4
ClearyCreek, Tr.#2 West, CO 30 0.53] 8.23
Chedr/ €reek, Tr.#1 West, CO Lo 0.40| 7.11
S.\Platte Tr.#2, Northglenn, CO 50 0.31f 6.56
FEC= CtPao'78 ONE SQUARE MILE is 2.59 SQUARE KILOMETRES

FIG. 3-14 (Sheet 2) (After Denver Regional Council of Governments).
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The Denver studies make the following comments with respect to deter-
mination of Pa: “The percent of the impervious watershed, Pa' for an

urban watershed in the early stages of planning, may be estimated using
the values suggested in Table 3-6. Alternatively, the percent of the
impervious watershed could be estimated from aerial photographs of an
existing urban watershed having a similar plan of development, adjacent
to the planned watershed.
TABLE 3-6
Percent Imperviousness - Range for
Varijous Land-Use Characteristics

Description of Area Percent Imperviousness
Business
Downtown 0.70 to 0.95
Ne ighborhood 0.50 to.0.70
Residential
Single-family 0.20 to 0.50
Multi-family units, detached 040, to 0.60
Multi-units, attached 0.60 to 0.80
Residential (suburban) 0.15 to 0.40
Apartment ' 0.40 to 0.65
Industrial
Light 0.50 to 0.80
Heavy 0.60 to 0.90
Parks, Cemeteries 0.05 to 0.25
Playgrounds 0.20 to 0.35
Railroad Yard 0.20 to 0.35
Unimproved 0.10 to 0.3C
For estimating C,_: Add 10%for sparsely“sewered areas. Subtract
10% for fully sewered areas.
Correct for slope using following-equations:
For 5_ < 0.01\ft/ft ; ¢, =040 s 02
o
For 5 >.00025 ft/fk . ¢ =o0.48¢c s 92
e t to e
For O.OISSe ,0:025 ft/ft ; Ct = Cto.
Where, S = Effective main water course computed using downstream
80% of channel '
Ct = The Ct coefficient from Figure 3-14 or equation 3-15.
o)

For estimating C_: Use the slope corrected C, with equation 3-16
P or Figure 3-15, Subtract 10% for sparsely sewered
areas; add 10% for fully sewered areas.

The foregoing instructions for modifying the results of equations 3-15
and 3~16 are made because the constant in each equation varies with the
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degree of sewering of the area, the steephess or flatness of the topo-
graphy. The equation's results reflect a partially sewered area of
moderate slope.

Equations 3-15 and 3-16 or Figs. 3-14 and 3-15 can be used to estimate
Ct and Cp for a specific probiem. Note that the figures utilize data

from watersheds in Denver, Philadelphia, Winston-Samel (N.C.), Dallas,
Houston and Austin (TX), Anacostia Creek (IL), Boneyard Creek (IL), Salt
Fork (IL) and five sewered watersheds in Louisville (KY).

1.2
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FIG. 3—15 Relationship \Between Cp and Cy. (After Denver Regional Council of Governments).

3630507 2Unit Hydrograph Shape

The physjeal./characteristics of a watershed determine the shape of the
unit hydrograph. From the Snyder equation we can develop the lag time,
duration, of unit rainfall excess and the peak discharge. The United
States Army Corps of Engineers (Ref. 3-31) analyzed a great many unit
hydrographs from various parts of the United States and developed the
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curves shown on Fig. 3-16. These curves give additional assistance
in plotting time widths for points on the unit hydrograph located at
50% and 75% of peak discharge. With the computed peak discharge, the
time widths can be read from this graph or computed by the following
empirical formulae:

1.08 ., . . .08 . .
W__=3.352/q in metric units; W,_ = L40/q 1.0 English units
1.08 . . 1.08 English unjts
W_.=5.87/ in metric units; W_., = 770
1000 —-

-a 800 AN N
?,.1’ 600 g - '
o3 5 -
5 = 400 > AN Sl LNl Peat ¢
- 2 N \ SN e L] 7
T o 35| St 5%q
o g‘ \ \ | RN S0% ‘7.3\ !
= D g 1
c W 200 1 < & ) Time in hours :
= = Ne2 SCHEMATIC DIAGRAM !
- @ “ T | i
2= 100 ;
5 80
S © 60 L ¥
w O
o9
R’ 40 ~h
o = I\
O — T
o |

2 L1 1

® Observed valie of Wsp
o Qbserved “valve of W5

10

8 - I

60.2 0.4 06 081 2 4 6 8 10 20 40 60 80100

Width Of Unit Hydrograph In Hours
One second-foot is 0002832m¥s — One square mile is 2.59 square kilometres

FIG. 3-16 unit“hydrograph widthyat 50 and 75 percent of peak flow.
(Affer U. S. Corps of Engineers).

In plotting theseNtime widths, it is suggested that in general, the
ordinates be‘proportioned each side of the hydrograph peak in a ratio
of /about 0.4°t0o 0.6 with the short time side on the left of the sny-
thetic unit hydrograph peak. The base time for the unit hydrograph
can beestimated by multiplying the lag time by 5. This latter
multip¥er is that used in the SCS dimensionless hydrograph (Ref.
3-23) ‘which is based upon analyses of many studies of experimental
plot runoffs as well as actual watershed data.

3-43



Another factor utilized in sketching a synthetic unit hydrograph is
the fact that total direct runoff amounts to one inch.

Drawing the synthetic unit hydrograph can be done using the peak rate

of flow, the time to peak and the time widths at the 75% and 50% of

peak to sketch in the computed hydrograph. The area under this, when
planimetered, should equal one inch of runoff from the tributary area
under study. For most problems, one or two adjustments to the initially
sketched hydrograph will bring the planimetered area into close enough
agreement with the theoretical total surface runoff.

3.3.5.8 Dimensionless Hydrograph

An alternate method of obtaining a satisfactory unit hydrograph is based
upon the SCS dimensionless unit hydrograph (Ref. 3-23).

The dimensionless hydrograph is essentially a unit hydregraph for which
the discharge is expressed by the ratio of discharge to\the peak
discharge as related to the ratio of time to the laghtime. The peak
rate of flow, the time to peak and the ‘time from beginning ofthe unit
rainfall to peak are computed as indifated in thHe followingtexample.
Then the time and discharge ratios of the SCS,dimensionless hydrograph
(as given in columns 1 and 3 of Table'3-7) are applied™to-the appro-
priate factors to obtain the coordinates of, the unit~hydrograph given
in columns 2 and 4. The mass (curve ratiqs )in column, 6 are presented
for such use as the designermay find¥desirablen " (The example given
utilizes the dimensionless hydrograph to develep Jthe unit hydrograph
for the illustrative example. The chGice between the two methods
depends upon the designer's preference singe.the synthetic hydro-
graphs are quantitatively quite similar. \The dimensionless hydro-
graph is slightly thicker id the upper sectifon and somewhat thinner

in the Tower third. The dimensionless\ graph eliminates much of the
effect of basin shape and\the effectyof basin size.

There follows a step=bysstep description of the development of a design
storm hydrograph for\an’ assumed-watershed.

3.3.5.9 Example™3-1

The examplewatershed has the following characteristics:

Area:_ 54k acres( =\0.85 square miles
L= 1.2 \mles

L =%.85 miles
ca

Perwiols Area = 60%
Inpervious Area = L0%
Assume Unit duration = 10 minutes

The unit duration for most developed areas should be 5 or 10 minutes.
A general rule is that the duration of unit excess rainfall shall
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Computation of Coordinates

for Unit Hydrograph for Use

in Example

Cols. 1 and 3 are S.C.S. Ratios for Dimensionless Unit Hydrograph (Ref. 3-23)

t q

t/Tp Time q/4, Discﬁarges Q QO/Q
Time Hours Dischirge Col. 3 x 750 ):0 Mass Curve
Ratios Col. 1 x 0.53 Ratios cfs qp Ratios
(1 (2) (3) (4) (5) (6)

0 0 0 0 0

0.1 0.053 0.030 23 23 3003
0.2 0.107 0.100 75 98 012
0.3 0.160 0.190 143 241 .029
0.4 0.213 0.310 233 474 . 057
0.5 0.267 0.470 353 827 . 099
0.6 0.320 0.660 495 1322 258
0.7 0.373 0.820 615 1937 1232
0.8 0.426 0.930 698 2635 . 315
0.9 0.480 0.990 743 3378 404
1.0 0.533 1.000 750 4128 494
1.1 0.586 0.990 743 4871 .582
1.2 0.640 0.930 698 4569 . 546
1.3 0.693 0.860 645 5214 .623
1.4 0.746 0.780 585 5799 .693
1.5 0.800 0.680 510 6309 .754
1.6 0.853 0%560 420 6729 .805
1.7 0.906 0%460 345 7074 .846
1.8 0.960 0.390 298 7372 .881
1.9 1.013 0.330 248 7620 .911
2.0 1.066 0.280 210 7830 .936
2.2 1.173 0.207 155 7985 .956
2.4 1.280 0n47 110 8095 . 968
2.6 1.385 0.107 80 8175 .977
2.8 1.495 0.077 58 8233 . 984
3.0 1.600 0.055 40 8273 .989
3.2 1.710 07040 30 8303 .993
3.4 1.820 0%029 22 8325 . 995
3.6 1.920 0.021 16 8341 .997
3.8 2. 020 0.015 11 8352 . 9985+
4.0 24132 0.011 8 8360 . 9995+
4.5 2.400 0.005 4 8364 1.0000
5.0 2 4665 0.000 0 8364

i 5
One (cfs, is 0.02837m’s Tq = 8364
p
TABLE 3-7
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preferably be about 0.2 of the time from the center of the excess
rainfall to the unit hydrograph peak but, in general, it shall not
exceed 0.25 of the lag time. Another consideration is the plotting
accuracy of the final hydrograph; if the interval (the unit time) is
long, fewer points are calculated on the hydrograph. If too few points
are determined to draw a good hydrograph, a shorter interval should be
chosen.

3.3.5.10 Step-by-Step Computations

Determine 10-year design runoff hydrograph from basin assumed in DenveRh
metropolitan area.

Step 1: Obtain Ct using equation 3-15
_ 1.8 -

Step 2: Calculate tp using equation 3-5

tp = Ct(LLca)'3 = 0.44(1.21 x 0.85)0'3 = 0 /4% hours (or 27 minutes)

Step 3: Calculate Cp using equatien™3-16

c, - 0.89(c 0% = 0.6 (.41 20x 0.61
Step 4: Calculate qp using equationi\3~13
6L0cC
qp = tp P = 6h?£2'6]) = 887 cfs/sq.mi.

Step 5: Determine

Q = qu =887(.85) = 754, say 750 cfs

p
Step 6: Calculdteé the time to peak (Tp) from beginning of rainfall
ty 10
Tp = 60tp + =5 = 27 + ~—5 = 32 minutes (or 0.53 hr.)

with tu being thesundit rainfall interval.

Sitep/7: 2 Using\the dimensionless unit hydrograph ratios from Table 3-7
apd\ the unit hydrograph peak rate of 750 cfs as determined in
Step )5, develop the unit hydrograph discharges for the unit
duration Tp of 32 minutes or 0.533 hours. Column 2 of Table

3-7 is the time ratios in column 1 multiplied by 0.533. The
dimensionless hydrograph and mass curve are given by the ratios
of columns 1, 3 and 6. Fig. 3-17 is the unit hydrograph for the
conditions of the example.
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Step 8: Calculate the mass or total effective net rainfall (equal to
the surface runoff under the design hydrograph) as follows:

a. From the rainfall intensity-duration-frequency curves for
the Denver metropolitan area, obtain the rainfall values in
inches for the 10-year frequency for the 10-,20- and 30-
minute etc. durations and enter in column 2 of Table 3-8.

b. In column 3 enter the incremental precipitation for each
10-minute period.

c. Exercising judgement, rearrange the 10-minute rainfalls to
achieve a synthetic precipitation pattern. For most of /the
United States, the most intense unit rainfall for urban“areas
can be placed close to the 30- or 40-minute intervél of the
storm with increasing intensity increments prior fo=the peék
and decreasing ones after the peak. Avoid rearrangements)that
involve high-low-high sequences.

Step 9: For the pervious area there will be an infiltration abstwaction
for each time period. The Defver Drainagé ‘\Criteria.Manual gives
an arbitrary infiltration rate, to be use€d ‘of 1/2-inch per hour.
Because of the unknown tempor@l and spatial vapiation of the
input rainfall as well as\ of) the watershed ppoperties, it is
impractical to make a“wore‘precise approximation than the
assumption that the ¥/2-inch pet hour loss.rate involves 0.08
inch in each 10-minute-period.

If a specific design area has data=en—=the actua¥ infiltration character-
istics of its soils, such infofmatioen should be used insofar as feasible.
Some design problems justify field testing for specific infiltration
rates. The United States Geological Surveysin 1963 published "A Field
Method for Measurement of, Infiltration' «Water Supply Paper 1544-F, Ref.
3-32) which discusses several acceptable methods. The simplest involves
driving into the soil_an 18-inch ‘diameter infiltration ring. Water is
placed into the ring(and the dropvin water level measured at various time
intervals. Additiohal water sisvadded from time to time and readings are
continued. Thestests shouldigontinue until the infiltration rate is
virtually cons‘tant.

Step 10: _The/total depression storage must be estimated and entered in
column 6¢ for'the pervious areas and in column 9 for the
impervious” areas. From the prior discussion of depression
storagey it is assumed for this example that the total pervious
area \depression storage will be 0.25-inch; for the impervious
érea 0.1 inch.

For the petvious area the first rainfall available for depression storage
is 0.02=inch (.10-inch rainfall less 0.08-inch infiltration) in the 20-
minute time. In the following 10 minutes, 0.05-inch becomes available
for depression storage (0.13-inch rainfall less 0.08-inch infiltration).
And the subsequent 10-minute rainfall (0.89-inch) supplies enough excess
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over the 0.08-inch infiltration to satisfy the remaining 0.18-inch of
depression storage.

The depression storage on the impervious area is assumed satisfied 0.05~
inch in each of the first two 10-minute periods.

Step 11: Having entered in Table 3-8 the infiltration and depression
storage abstractions for the pervious and impervious areas,
the effective precipitation for each 10-minute period is
computed and entered into columns 7 and 10. For the 60%
pervious area, each 10-minute pervious area effective rain-
fall is multiplied by 0.60 and the weighted effective rainfall
entered in column 8. Similar weighting for the 40% impef=
vious area is entered in column 11,

The sum of the net precipitations in columns 8 and 11 is entéred’ in
column 12 as the total average effective precipitation.

Step 12: As a check on the overall validity of the determination of
effective precipitation, use the SCS equation

2
(P~- 0.25) _
QA TG Be e (

Table 3-8 gives P = 2,08

Pervious: 2.08 - 1.01 = 1.07 (& +60 = 0.642 inches

Impervious: 2.08 - 1.98 = 0W]10"% .L40% 0.040 inches
S =v0.682 inches

(2.08 - 0s2(x'1682)2
2.08 + 0.8 % 682

Table 3-8 gives Q as 1.40 whiich/is within lke'ss than 3% of that calculated
with the SCS formula. This #ndicates \that the assumptions concerning
infiltration and depression storagé are reasonable and the total effec-
tive precipitation is.realistic:

it

=M .44 inches

SCS calculated: Q =

Step 13: Table 3-8 'gives théwcemputations involved in developing the
hydrograph for the\problem area, utilizing the unit hydrograph
as determined.in Step 7. In column 2, place the 10-minute
ordinates of “the unit hydrograph (from Table 3-8 and Fig.
3=17). Acfoss the top under "Excess Precipitation in Inches"
place atlthe top of columns 3 to 13 the effective rainfall
amount$ /determined in column 12 of Table 3-8.

Maltiply each, 10-minute unit hydrograph amount in column 2 by the excess
precipitation,placed at the top of each of columns 3 to 13. Record the
products/ in“gach column as shown, starting each vertical set of numbers
one time “#hterval below the start of the prior set. With all vertical
columns 3 to 13 filled in, total each horizontal line's values and
record in column 14. This column then gives in sequence the 10-minute
ordinates of the hydrograph resulting from a 10-year 2-hour storm on

the example watershed.
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3.3.5.11 Alternate Procedure Following Step 7

Step 7A: In lieu of using the dimensionless unit hydrograph, develop
the unit hydrograph as follows:

32 minutes (or 0.53 hr.)
750 cfs

From Step 6: Tp

From Step 5: qp

Assumed duration of unit excess rainfall

10 m= 0.17 hr.
Step 8A: From equations 3-17 and 3-18:

8

W 440/750" 98 = 0.345 hr. (20.7 min.)

75
Y50
Step 9A: Plot on rectangular coordinates: the peak flow_ of(750 cfs
at time of 32 minutes after start of excess ratnfall; atl75%
of the peak or at 562.5 cfs plot points at (32 + .4 x _20.7%)
or 23.7 minutes and (23.7 + 20.7) or L4h4.4%minutes; at 50%
of the peak or 375 cfs plot points at (32%“4 x 36.3) or
17.5 minutes and (17.5 + 36.+3)N\or 53.8mhnutes.

8

770/750]'0 = 0.605 hr. (36.3 min.)

Assume hydrograph will terminate at™five times ‘the time‘from beginning
of excess rain to the peak or 5,32 = 160, minutes.

Step 10A: Sketch the unit hydrographyas showneon Fig. 3-17. Planimeter
the area under\the‘sketched hydrograph which should equal 1
inch of runoff from the~54l acres, of'-the example watershed
which is 1,974,720 ¢ubic /feet. .‘The planimetered area is
1,970,300 cubic feet N “This i$ remarkably close agreement.
The dimensionless~based hydrograph has a satisfactory plani-
-metered area of 1,908,600 cubic feet. If the check had been
of f significantly (more/than 5% +) the recession of the
hydrograph, ¢oudd be médified and the enveloped area again
planimetefred until @eceptable agreement was reached.

3.3.6 The I|sochrenal Method

For small watersheds an alternate method for determining the hydrograph
for a specific area (til'izes a time-area diagram and the net or effec-
tive rainfall pattern™for intervals of the same unit duration as assumed
in the\time-areardistribution.

The' fime-area histogram (Fig. 3-18) for a watershed is determined by
estimating/TNirés of equal travel time (isochrones) from a design point
in a watepshed and plotting the areas between isochrones against time.
The time=area diagram is a representation of the time distribution

of an instantaneous input of rainfall excess. For example, for an
instantanecus input of 1 inch of storm excess, the summation of the
areas multiplied by the appropriate conversion coefficient would equal
1 inch of total runoff, hence it is comparable to an instantaneous
unit hydrograph (1UH).
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The Denver studies make the following comments with respect to deter-
mination of Pa: "The percent of the impervious watershed, Pa’ for an

urban watershed in the early stages of planning, may be estimated using
the values suggested in Table 3-6. Alternatively, the percent of the
impervious watershed could be estimated from aerial photographs of an
existing urban watershed having a similar plan of development, adjacent
to the planned watershed.
TABLE 3-6
Percent Imperviousness - Range for
Various Land-Use Characteristics

Description of Area Percent Imperviousness
Business
Downtown 0.70 to 0.95
Neighborhood 0.50 to 0.70

Residential

Single-family 0.20 to 0.50
Multi-family units, detached 0.40 t6)0+60
Multi-units, attached 0.60 to.0.80
Residential (suburban) 0.15 to 0.40
Apartment 0.40 to 0.65
Industrial
Light 0.50 te.0.80
Heavy 0.60 t0,0.90
Parks, Cemeteries 0,05 to 0.25
Playgrounds 0.20 to 0.35
Railroad Yard 0.20 to 0.35
Unimproved 0.10 to 0.30
For estimating C_: Add 10% for _sparsely sewered areas. Subtract
10%2 for fully)sewered ‘areas.
Correct for slope using following equations:
For 5_ < 0.01 ft/ft ; ¢, =omoc s 02
o]
For S_> 0.025)f%/ft Jc =o0u48c s 92
e t t e
o
For 0.01% Se £ 0.025-ft/ft ; Ct = Cto.
Where, S = EffectiVe main water course computed using downstream
80% .of, ‘channel
¢, 3 The C, coefficient from Figure 3-14 or equation 3-15.
o
For estimating C : Use the slope corrected C_ with equation 3-16

or Figure 3-15. Subtract 10% for sparsely sewered
areas; add 10% for fully sewered areas.

The foregoing instructions for modifying the results of equations 3-15
and 3-16 are made because the constant in each equation varies with the
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A=544 Acres To = 60 Minutes

min. =20
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min. = 10
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jA5=136 Ac/ min.= 0
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The latter has been defined as the unit hydrograph resulting from
the assumption that the duration of the effective precipitation
becomes infinitesimally small. Put another way, for an |UH, the
effective precipitation is applied to the drainage basin in zero
time. This is clearly a fictitious situation and a concept used
in hydrograph analysis. |t can be demonstrated (Ref. 3-8) that
the time-area diagram can result in an estimated instantaneous
unit hydrograph. From this there can be developed a finite time
unit hydrograph.

This isochronal method assumes that the translation of the watershed
response to rainfall is a function of watershed travel time. Given

a hydrograph or rainfall histogram of various rainfall excesses haying
durations equal to the time interval between isochrones, the flow™at
the basin outlet can be estimated by converting the time-area listo-
gram to time-discharge diagrams, lagging, superposing and adding.

The determination of a time pattern of gross rainfall and from it,
a histogram of rainfall excess at intervals of 5 or 10 Mminhttes (as
the circumstances of a specific problem may suggest)yis ‘discussed
in Chapters 2 and 3.

To develop a time-area histogram forqalspecifiec Watershed, it~ is
desirable where physiographic dataare available, to estimate channel
and overland flow velocities such™that there\can be drawh on a topo-
graphic map of the basin, lines>of equal/travel time firom the basin
outlet (the point under design).’ GeneraMy, the (thme contours are
likely to be very irregul@msince they“are affected by surface slopes,
surface irregularities, lo€ation of ‘inlets, length and slope of closed
sewers and other factors. TForgpractiical reasons it is deemed suffi-
cient to assume the entire basin, as appreximating a regular geometric
figure such as a square, rectangle, triangde or sector. The time
zones would be assumed as areas of equal,width between arcs of con-
centric circles (centered at the design point or outlet). Fig. 3-19
from Ref. 3-36 shows the’ time-atea“curves for various geometric-
shaped watersheds asguUming constant velocity. Most urban watersheds
served by closed drains approximate rectangles in effective shape.

For the usually small watersheds involved in urban highway drainage,
the upper reaches with slightly steeper gradients are not sufficiently
time influential to change ‘the time-area relationships of Fig. 3-19.

Where fieldyor map.data are unavailable it is recommended that the
total area“of theyspecific problem be assumed to be time-area dis-
tributed as shown for the rectangle on Fig. 3-19.

TheynTsochronalmethod is illustrated by using the same exampie used
to’ demonstrate the development of the unit hydrograph.
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3.3.6.1 Example 3-2
Given: 54l acres
Pervious area 60%
Impervious area 40%
Effective rainfall®at W-minutée intervals assumed same as
developed dm\Table 3~8;\ Based upon 10-year rainfall in
Denver, {Loelorado.
Time-area,distribution as shown on Fig. 3-18.
Step 1: Enter consecufive “N0-minute intervals In column 1 of Table
3-10.
Step 2¢ Enter imcoelumn 2 the 10-minute effective rainfall rates in
inches, per hour.
Step 3: Enter”at the top of columns 3 through 8 inclusive, the 10-
minltte incremental areas in acres.
Step 4:\ Multiply the effective rainfall rates in column 2 by each

incremental acreage in columns 3 through 8, offsetting each
column's products by one time interval beyond that of the
previous column.
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ISOCHRONALOEOMPUTATWON
RUNOFF HYDROGRAPH

Effect.

Time i Incremental Acres Hydrograph
Min. iph 50 95 151 |105 85 58 cfs
(1) (2) G| (W[ (5)] (6)) (7)] (8) (9)

0 0 0 0
10 0.12 6 0

20 0.30 15 R 0 26
30 L. Ly 222 29 18 0 269
Lo 1.4k 721 k221 45) 13| O 552
50 1.02 511 137|670 32 10 0 900
60 0.36 18 97| 217 k66| 26 7 831
70 0.18 9 34 154 151 377 17 742
80 0.18 9 17| 5kt 107) 122) 257 566
90 0.12 6 171 27| 38| 87 84 259
100 0.12 6 11 27 19 31 59 153
110 0.12 6 11 18 19 15 21 90
120 0 0 11 18 13 15 10 67
130 0 N 13 1o 10 51
140 0 13 10 7 30
150 0 10 7 17
160 0 7 7
170 0 0

TABLE 3-10

One acre is h046.9m2; One cfsulis 0.0283m3/s

Step 5: Accumulateé“edch hopizental line from column 3 to 8, putting
total jmcolumn 9.

Step 6: Plot the hydregraph values of column 9 against time on Fig.
3-20,

Comparing ‘the hydrographs determined by the unit hydrograph method
and the) isochronall method suggests that for the example, the differ-
énces)are within acceptable limits. |f the physiographic and
hydraulic data are available, the isochronal method appears prefer-
able, paftictlarly for very small areas (less than 100 acres). For
especi@lly’ important circumstances, it might be desirable to develop
the hydrograph for design purposes by each of the two suggested
methods. A careful evaluation of each would suggest which of the two
results should be used in the further design work (storage, pumping
station design, etc.).
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COMPARABLE HYDROGRAPHS OBTAINED BY THE
UNIT HYDROGRAPH AND ISOCHRONAL METHODS
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3.4 Summary of Significant Design Information in Chapter 3

1. Improvement in the rational method for the determination of
peak design flows can be accomplished by more realistic determination
of the C value. Instead of the usually erroneous assumption that the
relatively short time of concentration associated with urban drainage
occurs at the beginning of a storm, it is recommended that the critical
time be assumed to be between the one-third to two-thirds points of a
longer storm assumed to encompass a total time of one to three hours.
Since the C values increase rapidly in the first 40 to 60 minutes of
a rainfall, followed by a relatively slow increase thereafter, the C
chosen later in the total storm is a greater value; see Fig. 3-6.

2. In addition to the considerations of item 1, it is desinable
for rainfall frequencies rarer than once in 10 years to increaseqthe
€ value in accordance with the graph of Fig. 3-7. The valuegsShobtained
from the use of Fig. 3-6 are assumed to be valid for all frequencies/of
once in 10 years or of lesser recurrence intervals.

3. When circumstances require the preparation of a hydrograph], it
is necessary to determine the mass excéss or net rainfall apd ‘then
assume its time distribution. The tofdl ‘excessor,net rainfall can be
determined by the SCS method utilizinghrunoff «curve numb€rs which
reflect the infiltration capabilities®of the'sotl. The text illustrates
how this can be accomplished.

Once the time-distributed ne't rainfalll is detetmined for short intervals
{(5- or 10-minute durations Usually dre,dpplicable), the actual hydro-
graph can be developed by means,  of Jthe unit hydrograph or isochronal
method.

L, If the circumstances suggest the undt hydrograph method, whether
it is developed from available rainfall“runoff data for a watershed
comparable to that under consideratien, depends upon the availability
of such data. In the dsual absenee=of such information for small urban
areas, a synthetic hydrograph Ghould be developed. The F.F. Snyder
equations for synthetic/ unit™hydrographs should be used with values
for coefficients ™G, vand C_ taken from Figs. 3-14 and 3-15. For imper-
viousness of less Ehan abBut 20% this should be used with caution,
particularly=where the‘watershed has relatively few closed storm drains
and few improved chafnels. These latter two conditions would tend to
increase“the numerical value of Ct for any and all impervious conditions.

5.4The agtua¥ unit hydrograph can be developed by either of two
means. Use,of jthe SCS dimensionless unit hydrograph eliminates much
of\ the effects of basin shape and size. The alternate method sketches
in the unit hydrograph drawn through the peak, the points at the 50%
and 75% widths (the time locations of 50% and 75% of the peak), the
assumption of the base of the hydrograph being five times the time to
peak from beginning of excess rainfall; and the basic assumption that
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the total area under the unit hydrograph represents the runoff volume
from 1 inch (25.4mm) of effective rainfall on the watershed. Usually
a couple of attempts at sketching the recession side of the unit
hydrograph will meet the 1-inch (25.4mm) volume requirement in satis-
factory fashion. There are no compelling reasons to choose either of
the unit hydrograph methods over the other.

6. The isochronal method of developing a hydrograph from the time-
patterned net rainfall is an attractive and preferable method when
watershed data enable the construction of a suitable time~area histognam
with effective rainfall intensities for each 5 to 10 minutes of the net
storm volume.

7. For some problems, it may be desirable to develop the desired
hydrograph by both the unit graph method and the isochronal method with
judgement dictating which of the two should be adopted for desigh (or
an average of the two). Such use of both methods might be useful fof
determining the requirements of a pumping station in the,sag of a grade
separation. '
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APPENDIX A3

The Rational £ and Frequency of Recurrence

Several studies, over the years, have suggested that one of the dominant
parameters insofar as it influences the rational C, is the frequency of
the rainfall. In 1938, Merrill Bernard (Ref. 3-21) in developing his
modification of the rational method, suggested that the rational C
varied in a predictable manner as related to the maximum value C might
have. This latter he assumed to be that-C value related to the 100-year
frequency. He suggested that C would vary in accordance with the
following equation:

T X
C = Cmax <—ﬂi7—> .......... (3-20)
T is the recurrence interval in years. Bernard developed thispfrom the
following reasoning: ‘'When for either rainfall or streamflow, fregueney

is plotted logarithmically against magnitude, the slope™efsthe plot, i's
consistently between 0.15 and 0.23" and he is speaking ‘of basic*data
rainfall or streamflow. He goes on to_say: ''This.slope is the exponent
x in the rainfall equation

For use in the rational methed, lit is preoposed tomreduce the value of the
limiting coefficient to that“of the selected freqlency by a similar
equation''. Then Bernard gives the eguation 3-20)relating the limiting
coefficient C to Cmax' Bernard,also presentedva map which gives values

of the exponent x in the foregoing equation,for all the area of the United
States east of the 1] westepng/mountain states.

Since Bernard's work was“concerned™with rural undeveloped watersheds, it
can be assumed the variation imC\value with frequency represents the
relationship of suchfvalues forsavsubstantially zero percentage of
imperviousness. QANFiIgLY 3-7=the’ curve marked 0% imperviousness follows
the values of theszaverages agiven for the 10-, 25- and 50-year frequencies
listed by Bernards Note that“Fig. 3~7 plots the 100-year value of C as
1.0 and those for the other frequencies of recurrence intervals as ratios
of the pertinent C, to G .

max
In 196Q, ASCE-WPCE ‘(Ref. 3-17) in connection with tabulations of rational
method~runoff coéfficients stated: 'The coefficients in these two tabu-
lations ‘are_applicable for storms of 5- to 10-year frequency. Less
frequent, higher intensity storms will require the use of higher
coefficie€nts’ because infiltration and other losses have a proportionally
smallef effect on runoff’. These same statements are repeated in the
second edition (1969) of the same ASCE-WPCF publication.
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Denver (1969, Ref. 3-14) makes the following statement: ''The adjust-
ment of the rational method for use with major storms can be made by
multiplying the right side of the rational method by a frequency
factor C, which is used to account for antecedent precipitation con-
ditions. The rational formula now becomes:

Q= CiACf ............. (3-

The following table of Cf values can be used. The product of € x C
should not exceed 1.0'". Then follows from the Denver material:

Frequency Factors for Rational Formula

Recurrence Interval C
, f
erars) —_
2-10 1.0
25 1.1
50 1.2
100 125

Fig. 3-7 assumes the 100-year value as/h.0 which makes the other Denver
values: 0.96, 0.88 and 0.80, respectivély, and it is these values which
could be placed on Fig. 3-7 to indicate thetgeneral, reasonable sequence
of values suggested by the Denver criteria.

Santa Barbara, Californias{Ref. 3-22) “developedithe/'Santa Barbara Urban
Hydrograph Method, a relatiwely simpley practicaly mathematical simu-
lation model to be used in“local storm drainage planning and design.
After calibrating and verifying¢the”“modelfonwa 388-~acre (157.0 hectares)
area with 22% imperviousness,/the results\of) the SBUH Method were applied
to the rational method to study/derived C vValues versus the average
rainfall for the time of gconcentration.

"A plot showed widelyss€attered points with no line of good fit apparent.
The coefficients were relatively)low for short duration, high intensity
storms on wet watersheds. Jt'was not possible to obtain single value
coefficients for observed rainfall intensities because of the wide
variation in rainfall distribution and antecedent moisture conditions.
Runoff coefficients were then calculated for various return periods by
using therxesults of \the frequency analyses of rainfall and runoff from
the SBUH results. ““\Peak runoff rates were divided by t(c) rainfall
intensities for (the same return periods'',

The ‘resultsagive the ratios of C to Cmax with the values .43, .63, .80,

238, .9249.97 )and 1.00, respectively, for recurrence intervals of 1.5,

2.33, 5,40, 25, 50 and 100 years, respectively. These ratios compared
to the curves of Fig. 3-7 fit reasonably well into the general shape of
the curves of Fig. 3-7 with the exception that the more frequent storms
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for the Santa Barbara study give somewhat higher values than comparable
impervious percentages would appear to, considering the other guidance
information utilized in developing Fig. 3-7.

The uppermost values of C to C, . from the several studies involving C
versus frequency have been used for guldance in developing the 100%
imperviousness curve of Fig. 3-7 and the Merrill Bernard values for
placing the 0% imperviousness curve. The intermediate curves have all
been determined by weighting the ratios obtained from the 0% and 100%
curves. It is believed that Fig. 3-7 offers a practical guide to
modifying the coefficients of runoff obtained from Fig. 3-6.
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CHAPTER 4
STORAGE

L.,1 General

Since the primary objective of stormwater management is to mitigate
the changes in runoff brought about by changed uses of land, any
successful efforts to lessen the quantity or rate of runoff as each
of these is increased by urban highways can be a part of good storm-
water management. Simplistically stated, such management is a space-
allocation problem. At any given time and place, during or
immediately after a storm, there is a given amount of rainfall in
storage or in transit.

In all runoff situations, there are natural phenomena operating.to
lessen the quantity and rate of runoff. Interception by vegdtation
abstracts some of the rainfall which consequently never becomes
runoff. Generally, between 0.02 and 0.10 inches of rainh s heldson
foliage before appreciable drip takes place. Infiltration into
pervious areas varies with the condition and charagtetrof thetsoil.
The many minor bird-bath-1like depressiens, that exist in all(surfaces
both permeable and impermeable, fillqwith rainfall/which_infiltrates
into the permeable soils. For conyeyance of Jrunoff in_overiand flow,
gutters, swales, open channels oraclosed conduits, appreciable depths
must be developed. Natural ponds, marshe%,“arge dépressions each
capture some of the runoff amdireduce,thewpeak .ratesvas well as
abstract significant quantities of rainfall. Eachwof these factors
and occasional others influence the,amount and ‘rate of runoff.

Urban highways and arterial streets replaCeyvarying amounts of
permeable areas with hard surfaces. In the older portions of large
cities, the pavements may represent over,50% of the total urban
impervious area. The diminution of~permeable surfaces lessens the
depression storage and (iafiltratien., The paved surfaces speed up
the conveyance of rupOfify Thuss urban highways result in greater
quantities of runoff at higher\rates than would occur under pre-
highway conditions.\, Stormwater management aims at minimizing, or
preferably eliminating entirely, these development-caused increases
in runoff.

4.2 Storage Charagteristics

Storagelof excess{ storm runoff is one of the most promising methods
te lgssen the tMmpact of development. The reduced outflow rates made
possible by sterm runoff storage can hold downstream flows to within
the safeg eonveyance capacity of downstream storm drainage facilities.,
The costs{of such storage must be compared to those involved in
increasing the downstream conveyance capacity or to the potential
damages to servient property if storm drainage after development
delivers increased sedimentation and increased water pollution (both
intensified by the increased storm runoff resulting from development).
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The three basic types of stormwater storage are retention, detention
and conveyance storage.

A retention facility is characterized by a several-day storage period
and a low release rate both during and subsequent to the rainfall.
Such storage often has a permanent poocl and may be multi-purpose, I.e.
recreational, esthetic, etc. The flood storage volume is superposed
above the permanent pool and may accomodate the entire runoff from a
certain design rainfall event. Because retention inherently involves
large impoundment volumes, its use in stormwater management may be
limited to small scale runoff situations.

Detention storage usually reduces outflow to a rate less than that of
the peak inflow. Frequently, the goal is to limit the peak outf lew
rate to that which existed from the same watershed before development.
Normally, the detention site drains completely in less than 'd day.
Consequently, the usually dry detention storage facility «can often ge
used for sports fields, car parking, etc. Fig. 4-1 illustrates the
general distinctions between retention and detentiongstorage.

Both detention and retention storage present great ‘potential for
reducing drainage costs.

Unegontrotied runoff
after /development

Runoff controlied

~ .
\\(/by detention

N Runoff controlled

Q. [by retention
\§
Ny —
~ e
-  ———

Discharge

Time

EIG. 4-—I| Typical detention and retention hydrographs
(After Wiswall and Shumate)



Conveyance storage is inherent in overland flow and in swales,
channels and conduits. The volume required to sustain the movement
of water Is stored in a transient form. Consequently, it is advan-
tageous in the management of stormwater to increase such transient
storage. Overland flow storage can be increased by discharging flows
from pavements onto turf-covered surfaces. The greater the extent of
the latter or the longer the flow path across turf, the greater the
overland flow storage (and the longer the opportunity for infiltration
into the underlying soils). 1f concentrated storm runoff can be
routed via large cross-sectional channels (hence slow velocity),
significant conveyance storage can be designed into the system.
Meandering an open stormwater channel can create added storage.

4.3 Storage Size and Location

Any one or more of the three basic types of storage can be désigned
in a stormwater management system in a wide range of sizes atsa
variety of locations in the watershed.

As later discussed in detail, the size of a storage facility is
directly related to the objectives of the flow-management scheme
for a particular subwatershed. The mote frequentypurpose i's_the
reduction of the increased rate of runeff from{development within
the watershed to that which prevailed'prior.te the urbanization.
Controlling the outlet dischargel te'a ratezless thapsthe maximum
inflow rate involves a specifilc volume of detention\storage for
chosen quantities and rates of “inf lowyand "established maximum out-
flows. Thus, the extent of "the to-be-controdléd\watershed and the
character of its development determine the size ©of a detention
facility.

A Canadian study (Ref. 4-2) grecommended that, in general, watersheds
with undeveloped headwatey areas can,Usehdetention techniques to
control runoff problems, while watérsheds with undeveloped areas close
to a receiving body of ‘water can, eontinue to utilize conventional
techniques. This islinyrecognition of timing of peak flows in the
watercourse. Runoff\feom amew-development near the mouth of a
watershed couldUse®conventional design techniques to ensure releases
far in advance“ofthe peak flow from the balance of the watershed.

In fact, itesmay aggravate“flood and channel erosion conditions if
runoff frem\the downstream areas is detained and released when the
upstream flood peak ‘does arrive.

Storage\can be ‘classified by location as on-site, off-site, upstream,
downstream, . ehannel (or onstream) and off-stream. Based on function,
storage facilhities may be for single or multipurpose use and temporary
(detenti®m) “or permanent (retention), open or closed (surface or sub-
surface) .= Most urban highway stormwater storage is on-site. Storage
with its' primary purpose the replenishment of groundwater is well
exemplified in Refs. L4-3 and 4-4.




4. Place of Storage in Urban Highway Drainage

There are few circumstances of urban highway drainage that justify
the separate provision of detention storage for the runoff from the
roadway itself. In most instances, the runoff from the roadway is
part of a larger amount of runoff from the subwatershed traversed by
the highway. For such conditions, if detention storage is indicated,
it is most economically provided for the whole subwatershed; this
often means a cooperative project with the local storm drainage
authority. ‘

Pumping of stormwater is sometimes unavoidable at sags or sumps wheré
gravity drainage is impossible or uneconomic.. The high initial cost,
maintenance expense, power costs, can all be lessened if suitable
storage can be incorporated in the design to reduce the maximum outflow
from the storage to an acceptable low rate as compared to thé peak
inflow rate. A mass inflow curve taken from the hydrograph of/ inflow

to the sump will permit consideration of various constant-capacitypumps
to select that installation most economically suitable.' In urbad sjitua-
tions, it is possible that the required storage might have to be a
buried structure.

For occasional suburban highways with, ample rights-of-wayyand large
interchanges there may be opportunities for on-site detention storage
of roadway runoff; usually urbanhighways would needate.acquire special
land parcels for any on-site déetention storage. Such highway detention
storage should be designed as, an” acceptable part ‘of pthe stormwater
management of the larger subwatershed of*which (ityis a part.

4.5 Determination of Storage Volume

It is assumed that the storagel{which usually/ can be involved in the

urban drainage of highways wiNl be relatfvely small in magnitude and

the methods for determining its volume as discussed herein are pertinent
only under such circumsténces. “The™intent is to reduce the peak runoff,
i.e. the increase in(the hydrograph due to urbanization. The stored water
re-enters the drainage .systemylater.

The permissiblendischarge rate’ from a storm management storage facility
must be knowmto establish» the required volume in the impoundment. The
most usuale Peguirement jis that the maximum discharge rate shall not
exceed that which Would occur under the same assumed design conditions

of rainfall and éoil“conditions before development or under natural
conditions of thewatershed tributary to the storage facility. Occasion-
allyg /the flow capacity of storm drainage facilities immediately
downstream(frem the to-be-developed area will determine the permissible
dischargé from the detention storage facility.

The required storage depends on:
1. The time distribution and volume of inflow.

2. The maximum allowable discharge rate and variation of discharge
with depth of ponding.
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3. The configuration of the detention facility.
L. The costs as related to the benefits.

The required volume of storage will be the maximum difference between
the cumulative distribution of inflow and the cumulative distribution
of outflow when the maximum allowable discharge is not exceeded. An
inflow hydrograph of pre-selected duration and frequency; reservoir
stage-volume and stage-discharge curves for the detention structure
are essential prerequisites to a determination of the required storage,
This latter is obtained by routing the inflow hydrograph through the
detention facility. Maximum allowable discharge may be determined by
the rational method for tributary areas of less than 500 acres.

L.6 Outlet Hydraulics

The usual outlets for small detention or retention storage inglude:

1. A pipe or culvert conduit through the impounding dam, placed
to drain the lowest level in the impoundment area.

2. A vertical riser with or without ‘perforations depending upon
whether the storage is to include a pefmanent pobl or noty with the
riser connected by an elbow (or tee)~to a sloping (almest_horizontal)
pipe or conduit through the dani

3. A supplemental emergency’ spiliway, usually/a broad-crested
weir designed to limit the elevationfofvimpounded Water and safely
pass downstream excess runoff from sterms rarer “than those which the
facility is normally expected to\handle satlisflactorily. The latter
spillway design storms are usually® the 100-year recurrence interval
event or such rarer rainfall,evént as circlimstances of potential risk
may indicate.

L,6.1 Culvert Outlets

A pipe through thefdamming sttucture or fill can be the simplest
discharge controlswhere the design has a small permissible outflow or
release rate ahduthe storage Tacility is to be dry between storms.
The principles and charitshNof FHWA Hydraulic Engineering Circulars
Nos. 5 (Reft 4-5) and 10*(Ref. 4-6) can be used to determine pipe
size. Careful attention is needed with respect to the inlet end of
the pipe to mipimbze’blockage by sediment or debris. And some
erosdofprotection/may be required at the control pipe outlet (Ref.
I=13) > Average)inflow rates should be at 5-minute intervals for the
rapidly chdnging portions of the hydrograph with 10-minute or longer
intervalgiwhere the inflow rates are changing more gradually.

4.6.2 Drop Pipe Discharge Control

Under circumstances calling for the use of a detention storage
facility as a sedimentation trap (in addition to its primary purpose
of attenuating the outflow hydrographs), the vertical riser is
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provided with perforations. Consequently, the flow through such a
vertical riser consists of two components, the first through the
perforations while the other is flow over the top edge of the riser.

4.6.2.1 Perforated Risers

Flow through perforated risers is treated as flow through circular
orifices which can be determined by

- -5 -
Q, = KCOAO(ZgHO) e (4-1)

where Qo = flow rate for one orifice in cfs or m3/s, CO = discharge
coefficient, Ao = area of orifice in square feet or square metffesy HO =

effective head at each orifice in feet or metres, K is a coefflicient
to account for units English or metric, and g = acceleratfion of gravity
in feet or metres per second per second. |f Do = diametersof cipcular

orifice in inches or metres

- 2,%5 _
Q, = KED MY N L) (4-2)

with K equal to 0.0438 for EngNfsh tnits andyequal to"\3.4821 for metric
units.

If the holes are cleanly gdst'or driffled and, blirks” removed to give sharp
edges to the holes, a discharge coefficient L\'of 0.6 to 0.7 is appro-
priate; in the absence of specific knowledge,o use 0.65. Then, for any
horizontal series of circular_holes, undér \the same effective head,

Q= KNiDi2H3'5 ............. (4-3)

with K equal to 0.02847)for English units and equal to 2.263k4 for metric
units with Q. = flow“if cfsdon cms through the ith set of holes of diameter
Di in inches'or(métres and number Ni under effective head Hi in feet or

metres. Effectiwve head s “to the centroid of the area which for a circular
hole is its.center,

In the(field, sometimes for a corrugated metal riser, an acetylene torch
is used\to burn, the perforations in the metal. In such instances, the
orifiece‘coefficient should be 0.4 to reflect the corrugated pipe and the
jagged edges\of the holes. With the coefficient of 0.4 the orifice flow
is

2, 0.5 i i (4-14)

Q; = KN;D,"H,

with Qi’ Ni’ Di and Hi as defined for equation 4-3; K equal to 0.01752

for English units and 1.3928 for metric units. Holes should be a minimum
of 3Di center to center.



4.6.2.2 Flow Over Top of Riser

Flow over the top edge of the riser, Fig. 4-2a, is assumed as flow
over a sharp crested weir with

QW=CLH"5 ............. (4-5)

Ww W
QW is flow rate over weir in cfs or m3/s; CW = discharge coefficient;
LW = length of weir in feet or metres =TI DW in which DW is the riser
diameter in feet or metres and HW is the effective head above the top

of the riser in feet or metres. With Cw = 3.0, the equation becomés

Q =KDH ' L. (46)

w W w

with K equal to 9.4248 for English units and 5.2033 for metrigc units«

1f DW is in inches, this becomes

) 1.5 .
Q, =0.785 D H 7 ... (4=7)

The total flow through the riser, Q \in/cfs, thehA.becomes

;
QAN+ O NN LT (4-8)

Fig. 4-2b indicates the detais of a_frash-rackhand anti-vortex plate
suggested for the top of aydrop-pipe, spillway,such as sketched on
Sheet 1 of Fig. L-2a. For 'concrete or other'pipe risers, a comparable
arrangement should be installed{ \Note that “the anti~vortex device
should be installed normal tof the centerlinpe) of the dam. Laboratory
experiments (Ref. L4-7) indi€ate’ that @ strohg vortex can reduce the
flow through an orifice by as® much _&s.75%. Blaisdell (Ref. 4-8, Jan.
1952), describes the theery of the hydraulics of closed conduit
spillways and discussestvortices\ih detail.

4.6.2.3 Flow Through Pipe

Under some conditions, gheflow through the vertical riser may be
great enough so that the pipe from the base of the riser passing under
the dam may ‘eontrol, flow instead of the riser. The pipe capacity then is

.5
AEEgng) ......... (4-9)

Q = e
P (1 +K + KL )0°5

e cp
in which Qp = )flow rate in pipe in cfs or cubic metres per second; Ap =
cross-sectional area of pipe in square feet or square metres; Hp =

effective head on outfall in feet or metres as measured between the
elevations of the pond surface and the center of the pipe cross-section
at the outfall; Ke is an entrance coefficient; Lp = the length of pipe in

feet or metres; and
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2
K = Bn

c D ].33 ...............
P

n = Manning's coefficient; Dp = pipe diameter in feet or metres; B is

185.2 for English units and 137.2 for metric units.
With Dp in inches, this becomes

2
5088n (h
e Y -11)
D 1033
p .
Hp can be calculated as (see Fig. 4-2)

H =H +SL =-0.5D ... i, L~ 12
p x PP 2 p ( )

with Sp = flowline slope of pipe.

Hf Ke is assumed as 0.5, n as .013, Dp in inches or metres; Hp and Lp in

feet or metres, equation 4-9 becomes

Mb, &y 0-°

Q = P P N el ceienas
PNs + (NLP)/Dp'°33J 0-5

M is 0.044 for English unfts.and 3.478“for metricunits. N is 0.86 for
English units and 0.02104 for metriciunits.

0f the computed flows for the riser only (and Tor the pipe only, the lesser
determines the outflow.

4.6.3 Emergency Spillway

For most small detentien“storage facilities, a suitable emergency spillway
can be a broad-crested/overflow weir cut through the top of the containing
embankment with s, horizontal) top at an elevation one to two feet above
maximum desigm Storage elevation. (It is preferable to have a freeboard
of 2 feet minimum but for Very small impoundments, say less than 1 or 2
acres (0.4 £0)0.8 hectare) maximum water surface, an absolute minimum
freeboard of 1 foet“\(0+305m) should be provided.)

For ease of construction the transverse cross-section of the weir cut can
be trapezoidaly “To avoid the complexities this would inject into the
hydraulic gomputations, it is suggested it be assumed that the emergency
flow passeswthrough a broad-crested weir with vertical sidewalls. The
equationfor discharge is

_ 0.5 _
Qgs = CogbHy " o (4-14)

with Qes the flow in cfs or m3/s; b the width of the emergency spillway in

feet or metres and H_ the effective head on the emergency spillway in feet
or metres. P
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EMERGENCY SPILLWAY DESIGN

Side slopes = 2.1
Control section n = 0.04 (Manning's)

o = = = ; Q = Discharge, cfs
T _Flow 0,00/0‘\ Exit channel V¢ = Critical velocity, fps
300/0 577 7S = S¢ = Critical slope, %
e > . S H, = Height of pool above
\S(\:s\ee‘)e‘ 10 ¢ \ P emergency spillway
Z control section
One foot is 0.3048m; One cubic foot is 0.0283m3
Hp, Spillway Bottom Width, b, feet
ft. 8.1 101 12| 14| 16| 18| 20 22| 24| 26| 28 30
Q 14 187 21| 24| 28| 32| 35 - - - - 3
0.8 Vc 3.613.6/3.6(3.7/3.713-7|3.7 - - - = -
SC 3.203.213.213.213.113.1(3.1
Q 221 261 31| 36| Li| 46| 51| 56| 61|66} 70| 75
1.0 VC Lovih. v s |G b fbor (b2l 2h0204.2 4.2 (4.2
SC 3.0/3.0/3.0(3.0/2.9|2.9{2.9{2.942.912.9]2.912.9
Q 31 37| 44| 50| 56|L63| 700 764 82| 88y 95101
1.2 v Loolh. 5.5 L. 6ph6 L. 6| 0. 6006 0.7} 4 64L.6[4.6
si 2.8(2.8(2.8| 287 2.7]12. 927 2. 2007(2.7 2.6
Q Lol 48] 56|™65| 7 811 90(«98105|113(122 (131
1.4 VC L9l 4. 9\4rglh.9|540|5¥0[5.0/6.08,[5.0|5.0(5.0(5.0
SC 2.7|12.712.6(2.6/2:642.6|2.6MN"6|2.6(2.6 2.6(2.6
Q 51| 62| 724821 92(103| M3|123|134|145]155|165
1.6 V. 5.2|5.2|5¢3¢5:3(5.3|5.3|5¢3|5.4(5.4|5.4i{5. k(5.4
SC 2.6|2.6/2.%612.6|2.50255(2.5|2.5(|2.5{2.512.5(2.4
Q 64 (76| 89| Te2NM5 | 127|140|152]164|176]188|200
1.8 Vc 5.5[5.5|5.6(5%45.6|5.7{5.7|5-7|5-7|5-7{5-7|5.7
SC 2012 5 25027 2. 4 2. 4)2. 4|2.412.4)2.3]2.3]2.3
Q » 781 91|1060122|137|152]|167[181[196|211(225{240
2.0 v 5.8{6.845.8/5.9|/6.0(6.0{6.0{6.0(6.0 6.0(6.0(6.0
S(C: 2.602.4(2.4]2.4(2.3]2.3{2.3|2.3]|2.312.3(2.3{2.3

NQTE: For angiven Hp, decreasing exit slope from S, decreases spillway discharge,
but_increasing exit slope from S, does not increase discharge.

If a‘slope {Sy) steeper than S, is used, velocity (V) in the exit channel will
increase according to the following relationship: 0.3
Se \*

Ve = Ve

S¢

TABLE 4-1
(After Maryland SCS)
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The Maryland office of the SCS (Ref. 4-39) has developed the figures of
Table L4-1 for emergency spillway design. The coefficient is not a fixed
value, varying from 2.45 for the lowest head (0.8 feet=0.24L m) on the
narrowest spillway (8 feet=2.438m) to 2.83 for the highest head (2.0 feet=
0.610m) and the broadest spillway (30 feet=9.1L4hm). The critical slopes
of Table 4-1 are based upon an assumed n = 0.04 for turf cover of the
spillway. For a paved spillway, the n should be assumed as 0.015.

Critical velocity can be computed as follows from Ref., 4-10:

2 .
4 = [Q, /gJ .33 . (=15
c i

with dC = ¢ritical depth in feet or metres; Qi = discharge per foot“or
metre width of channel.

v, = Qi/dc .......... (L-16)
substituting in equation (4-16)

1 ) .
v =g /3Q. 33 KQ 4 30 (. (4-17)

with K equal to 3.18 for English unTts and efuat to 2,40 for metric
units.

In virtually all instances, ‘the“hydraul ic*radius(ofpthe assumed rectangu-

lar weir down the slope canrbe assumed, ‘to be, equal” to the mean depth of
the overflow down the slope or dc' Then (Ref N\ 1=10):

S, = an/d - (4-18)
| o4 [o4

by substitution of equati®n 4-16 this.becomes

S
c

= anvco‘33/Qio'33 ............ (4-19)

with K equal tosM4:56 for English units;and equal to 9.8375 for metric
units.

Fig. 4-3 sketches a typical emergency spillway weir and Table 4-1 lists
a range of outflolswp” to 240 cfs (6.796 cms) with their related critical
velocities” and ¢fiitical slopes for grass-lined spillways.

6.4 Routing Procedure

For the ;Storage facilities involved in urban highway drainage, it will be
assumed that the water surface in the impoundment is horizontal, that the
overflow and storage are each functions of the stored water elevation.
Under such circumstances, the continuity equation becomes (for short
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finite time periods At, in minutes, the hydrograph may be taken as a
straight line):

11+ 12 O]+O2
—'—-—é"—'—"""' 60 At "‘""‘E"""“"" 60 At=$2 - S] (4"20)
in which l] and l2 are the inflow rates in ¢fs at the beginning and end
of the time period At in minutes; 0] and O2 are the outflow rates at

the beginning and end of the same time period At (the factor 60 convewrts
the time period to seconds); S2 and S] are the storage volumes in cubic
feet at the beginning and end of the time period At. In short: .inflow
mass less outflow mass equals change in storage. This can be pearranged
as follows:

.o+ | S 0 ) 0

i 2 ] _'I_ 2 2 g
2 T T80 At 2 T80 At PN ey (4-21)

At the beginning of any routing period t, all parameters om the left

side of the equation are known. Fortupately, the' right sidewparameters

are directly related in the storage-discharge‘curve, if(it, is assumed

that the water surface of the impoundment is, horizontdl ({With no significant
backwater). |, and |, can be obtaPned fpom, the infdow“Hydrograph and S] is
known for the starting depth; fthe outflow for the “amount of storage

at the starting depth cangbecalculated or obtainéd from the discharge-
storage curve or relationship.

The following examples illustrate\the relative simplicity of solving
equation 4-21:

4.6.4.1 Example 4-1

Given: Area = 210 agresor 0.33\square miles
L = 0.85 mile
L = 0859 mile

ca

Traversed by, highway 2000 feet long, 240 feet wide; 1l-acre right-of-
way ;

5. l-acre ‘pavément;
Impervious area = L0%
Pervious area = 60%

Assume unit duration = 10 minutes
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Storage basin equivalent toc one with bottom dimensions of 170 feet by
340 feet and 2:1 side slopes; a single outlet draining the lowest point;
and a broad-crested overflow spillway.

Determine outflow hydrograph with peak no greater than 60% of the
maximum inflow with inflow hydrograph based upon 10-year 30-minute rain-
fall at Denver, Colorado. Excess precipitation the same as was used in
Table 3-9.

Step 1:

Step 2:

Step 3:

Step 4:

Using the Denver Synthetic Unit Hydrograph formulas (Equations
3-15 and 3-16), develop the 10-minute unit hydrograph

¢ = 7.81/40°78 = 0.1

0.44(0.85 x 0.59)'3 = .36 hour = 22 minutes

t =
P
C, = 0.89 x YRR
q = 640 x 0.61 = 1084 ‘efs/sm
p .36
Qp = 1084~x 0.33 ={358 cfs
Tp ==22 + 10/2(= 27 minutesN= 0.45 hour

With unit hydrodraph“Q assumed.as 358-¢fs“and T  as 0.45 hour,
the CSC dimensionless unit ‘hydrograph “wesults iR the inflow
hydrograph of Fig. 4-4Wifh 10-minute ‘ordinates as given in
column 14 of Table 4-2

Using FHWA HEC-5 and HEC-10 select an outlet pipe size and
assuming a maximum outflow® 0f, 220 cfs with a maximum water
depth of 8 to(l0, feet «(and.a culvert length of 70 feet),
determine the\héad-discharge relationship. Chart 2 of HEC-5
indicates™a “60- inch-pipe under 8 feet total head above its
invert would handle_about 220 c¢fs, so it is decided to develop
the head-discharge curve for a 60-inch pipe. Fig. 4-5 and
column %2 of Table“4-3 give the curve and tabulation of the data.

Assume a\detention basin with a depth-volume curve such as would
result #from a rectangular basin with a bottom 170 feet by 340
feet and 2:1 side slopes. Such a curve is given by Fig. 4-5,
Thesurface area of the pond structure at 10-foot depth would

be /9,800 square feet or 1.8 acres; at 8-foot depth 75,14k
square feet or 1.7 acres; and 70,616 square feet (almost 1.6
acres) at 6-foot depth. Table 4-3 column 3 gives the total
storage below each foot of elevation up to a depth of 10 feet.
Note that storage is given in cfs-minutes which is the actual
cubic feet of storage divided by 60.
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STORAGE-INDICATION COMPILATION TABLE

EXAMPLE 4-
At =10min.
Etevation | Discharge Storage 02 S2 Sz 0
0, S, 2 At At 2
(1) (cfs) {cfs-min) (cfs) (cfs) (cfs)
(1 (2) (3) () (5) (6)
0 0
1 14 '980.5 7 98.0 105.0
2 32 1995.7 16 199.6 | 215.6
3 517 3046.6 28.5| 304.7 | 333.2
4 94 b67 47 416.7 Le3.7
5 137 5269 68.5 526.9 595.4
6 175 6422 87.5 642.2 729.7
7 205 7622 102.5 762.2 864.47
8 235 8863 117.5 | 886.3 |100%.8
9 260 10144 130 10T4.4 [ 11444
10 275 11467 137.5 | 1146.7 [F1284.2 3
TABLE 4-3 One cubilc foot 1s 0.0283m
- One foot Nis 0.3048m
STORAGE ROUTING COMPUTATIONS
EXAMPLE 4-I
Routing Time Inflow | Avg. (nflow’| S,/At+0,/2 0, S/t +0,/2 0,
Interval min. cfs cfs cfs cfs cfs cfs
(1) (2) (3) (4) (5) (6) (7) (8)
1 0 0 0 0 0 0 0
2 10 2.0 .0 0] 0 1.0 0.1
3 20 e N.2 6.6 1»0 0.1 7.5 1
4 30 95 53.1 7.5 1 59.6 7.7
5 Lo 275 185 59. 6 7.7 236.9 36
6. 50 365 320 23€.9 36.0 520.9 112
7 60 335 350 520.9 112 758.9 175
8 70 259 297 759 175 881 208
9 80 W62 21045 881° 208 883.5 209
10 90 95 128%5 883.5 209 803 191
11 100 70 83 803 191 695 164
12 10Ks] 52 61.5 695 164 593 136
13 120 38 4g 593 136 502 106
Th 130 26 32 502 106 428 84
15 140 16 21 428 84 365 65
16 150 8 6 365 65 312 52
17 160 4 3 312 52 266 42
18 170 2 1.5 266 42 227 34
19 180 1 0.75 227 34 191 28
20 190 0.5 0.4 191 28 164 26
21 200 0.3 0.25 164 26 138 19
22 210 0.2 0.15 138 19 119 16
23 220 0.1 0.05 119 16 103 14
24 230_ 0 0] 103 14 89 12
25 240 89 12 77 10
26 250 77 10 67 8.8
27 260 67 8.8 58.2 7.5
28 270" 58.2 7.5 50.7 6.4
29 280 50.7 6.4 Ly 3 5.7
30 290 Ly, 3 5.7 38.6 L.8
31 38.6 4.8 33.8 L.2

TABLE 4-4
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Step 5:

Step 6:

Complete Table 4~3 by computing the proper values to be
inserted in columns 4, 5 and 6. Then plot on Fig. 4-6 the

curve of Sz/ At + 02/2 against 0

9

Set up and complete storage routing, Table 4-4,

Column 1
Column 2
Column 3
Column 4

Column 5

subsequent
column 7 on the line immediately preceding.

routing interval sequence for ease of reference.
insert cumulative time in 10-minute intervals.
from inflow hydrograph as developed in Step 2.
average inflow in each 10-minute interval.

start with 0 in routing interval No. 1. Each
figure in this column is the same as that ‘in

Column 6 - start with 0 in routing interval Ng. N\t Each
subsequent figure in this column is the same as*that in
column 8 of the preceding line.

Column 7 - column 4 plus column®5 minus/column 6.

Column 8 - enter the survenon Fig. =6 with the value in
column 7 and read off=the related value of 02 which is
inserted in column 8.

Note that Table b-4 is a tgbular way, of solving.the storage equation
The O2 at the end of eagh kouting interval becomes the 0] at the

L-21.

beginning of the following interval. Thé value of SZ/ At + 02/2 at the

end of each routing interval, b&comes the value of S]/ At + 01/2 at the

beginning of the next interval. ., Ahd,when 0. (column 6) is subtracted from

]

S]/ At + 01/2 (columh,5), it becomes S]/ At - 01/2. This added to the

average inflow (cdlimn.d) results in Sz/ At + 02/2 (column 7), all as

given by equation h4-21.

Step 7:

Step 8:

Friom)the distharge-storage and depth-discharge curves of Fig.
425"the maximum storage required for the peak outflow rate of
209 cfs,wiI be 466,000 cubic feet which occurs at a depth of
7.12 feeth
could\be set at 8 feet.

This suggests that the emergency overflow spillway

Estimate the probable maximum emergency spillway rate. Pre-
cipitation data are to be obtained from the most recent
National Weather Service publication (Table 2-1 and Figs.
2-14; 2-15, 2-16) applicable to the area under study. The

L-29
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I-hour 100-year rainfall will often be the desirable basis

of design of the principal or emergency spillway, although
where lives or high property values would be endangered by

a breached detention basin, the probable maximum precipitation
(PMP) (Table 2-1, Section C) should be used. The methods of
runoff determination discussed in Chapter 3 may be used.

For this example the 60-minute 100-year precipitation at Denver of 2.25
inches will be used. ‘A rational method C of 0.95 will be assumed. The
peak 100-year 60-minute runoff will then be 0.95 x 2.25 x 210 = 449 cfs.
Should it be desirable to assume the PMP, it would be 0.95 x 21.5 x 210
or 4300 cfs. The former of these would be reduced somewhat (perhaps

30%) by the assumed storage but the great size of the PMP assures complete
flooding of the assumed storage with an outflow rate equal to the inflow
rate. Actually, a specific design for so great an outflow would make it
essential to carry out thorough detailed studies to have confidence that
the spillway provided was satisfactory. The entire dam probably would
become an overflow spillway and would need to be construgted~accordingly.

Assuming the available storage would reduce the 100-year./peak to about
315 cfs, the emergency spillway could then be designed as foldowst

Using equation 4-1b4 with the assumptifomof C ©f 3.0 and Hhn.of 3.0,

b is found to be 61 feet. If an.H. of“4.0 cSh.be to]eratede the length
of the weir could be shortened to¥ 53 feets \Each fobt_ef height of the
dam increases its base width by'k feet so.‘it/'becomesna-matter of the
economic choice of broad-crested weir depth as opposed to critical
velocity of flow through ¢the\weir andicost of dam( fil1l. The 3-foot deep
flow would have a critical/velocity((assuming '@ turf n of 0.04) of 5.5
fps and a critical slope of 2.4%;( the L-footh\deep flow would involve a
critical velocity of 5.8 fps and\2v3% critical slope. While these
velocities are a bit high for=turf, the kare 1% frequency of their
likelihood makes it feasiblé to decide upon” a dem height of 12 feet
assuming the sill of theoverflow weir at 8-foot depth plus an overflow
depth of 3 feet (and a related 6]4foot) length of weir along the axis of
the dam or related theréfo as topogFaphy best dictates) with a 1-foot
freeboard.

For a thorough reatment of “the design of emergency spillways for small
dams refer to Refs. k-4 and L4-12. ‘

L.6.4.2 Example U=2:

Given:\ A stret¢hof divided highway is symmetrical with 1.2% grades
either 'side of a sump. Descending tangents each 820 feet in
length/and 225 feet in right-of-way width deliver runoff from
75% Wmpervious areas (8 traffic lanes with shoulders and two
24~ foot service roads). The total tributary area to the sump
is 8.5 acres {two identical 4.25-acre watersheds). It is
desired to determine the peak runoff into the sump from a 50-
year frequency runoff and provide (a) storage sufficient to
permit reasonable pumping rates to dispose of the runoff; or
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(b) suitable storage to reduce the peak outflow to about 22
cfs, the capacity of the outlet channel.

General Procedure: Because routing through storage requires an

inflow hydrograph, a 5-minute unit hydrograph will be developed and
applied to the effective rainfall from a 60-minute 50-year rainfall

to obtain an inflow hydrograph. The unit time of 5 minutes is chosen
because of the small size of the tributary area (4.25 acres, duplica-
ted due to symmetry). The 60-minute 50-year rainfall assures reason-
able antecedent precipitation prior to the peak 5 minutes (the assumed
concentration time of the 4.25 acres) and is consistent with the
discussion in Chapter 3, as all procedures in this example are in
conformity with the matters discussed in earlier chapters.

Five-Minute Unit Hydrograph: Using the empirical equations of~Table
L-5 obtained from Ref. 4-14, the 10-minute unit hydrograph of ‘Fig. 4-7
is drawn. Utilizing the principle of superposition, by off-setting the
10-minute unit hydrograph at 10-minute intervals, a 10-minute, S-curye
can be tabulated as indicated in column 3 of Table 4-6/T(With 5-minute
ordinates read from the plotted work graph of the 10-mindte S-clryve).
Ref. L-15 gives especially clear detailed discussion ‘of the S=curve and
its use to develop unit hydrographs of, longer or.shorter unityrainfalls.
The S-curve represents the runoffs restuMing fromla sequence”of 1-inch
effective rainfalls until the rurmoffirate bedomes equivalent to the
supply rate (the effective rainfally.

Again utilizing the superposdtion principle, the/lT8-minute unit hydro-
graph can be the basis forwdetermining\a 5-minute‘unit hydrograph as
given in Table 4-6. The pfeviouslydetermined\l0-minute S-curve values
are entered at 5-minute intervalsidn column 3, ° Offset of lagged by 5
minutes, they are entered againiin columm 4. Column 5 then lists the
difference between column 3 _dnd;column 4 'which gives a hydrograph
resulting from 1/2-inch of efféctive ‘rainfall in 5 minutes. Under the
unit hydrograph theory, ¢olumn 6 whith has ordinates twice those in
column 5, then is the 5=minute unit_hydrograph resulting from 1 inch

of effective rainfald:

Determination of _Effective Rainfall

As discussed inNChapter 3,4to develop the inflow hydrograph, it is
necessary to determimeythe effective or excess rainfall at 5-minute
intervalg.\ Table lz7.computes the effective rainfall for an assumed
50-year 60~minute, rainfall in the St. Louis metropolitan area. The
valugs.lin column(2'are obtained from Table 2-2 converted to inches
and Anterpolated where necessary. Column 4 is an arbitrary arrange-
meht; placihg™the maximum 5 minutes at about the 40% point in the
assumed Jdshour rain. The infiltration is assumed at an inch per
hour uniform rate. Depression storage is assumed as 0.25-inch on
the pervious areas and 0.10-inch on the impervious. For the assump-
tion of 75% impervious area, column 12 gives the sequence of 5-minute
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TEN-MINUTE UNIT HYDROGRAPH EQUATIONS

Total
B Equations Explained Variation

Tp = 3.1 10235702570 18,1.57 0.802

Q = 31.62x103A°'96TR']'°7 0.936

T, = 125.98x10% 0% 0.8k

Weq = 16.22x103A0-93¢70-92 0.943

Vo = 3.24x103a0- 737078 083k

L is the total distance (in feet) along the main.chamhel from the
point being considered to the upstream watershedsboundary.

S is the main channel slope (in féegthper foot)las defined’by H/(0.8L),
where L is the main channel®ength as déscribed above and H is the
difference in elevation begween two points, A and B. A is a point
on the channel bottom atsa\distance™ofs0.2L déwnhstream from the
upstream watershed boundary. B.lis ‘aspoint ©m the channel bottom at
the downstream point~hbeing consddered.

1 is the impervious area within” the watershed (in percent).

é is the dimensionless watenshed conveyance factor as described
previously in the text\of Ref. L-l4.

A is the watershed [dratnagesarea. (in square miles).

Tr is the time of ‘rise of _the unit hydrograph (in minutes).

Q is the peak flow of the“wunit hydrograph (in cfs).

Tg is thé time basé~of the unit hydrograph (in minutes).

WSO is the width of  the unit hydrograph at 50% of Q {in minutes).

W75 is)the width of the unit hydrograph at 75% of Q (in minutes).

One foot is 0.3048m. One square mile is 2.59 km?

TABLE L4-5
(From Ref. L-1k)
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IO MINUTE UNIT HYDROGRAPH
EXAMPLE 4-2

10

e

]

NS

i

Cubic Feet per Second

0 20 40 60 80 100
Minutes

One cubic foot is 0.0283m3
EIG. 4-7 One square mile is 2.59km?2
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DEVELOPMENT OF 5-MINUTE UNIT HYDROGRAPH

FROM [0-MIN. UNIT HYDROGRAPH
EXAMPLE 4-2

5-MIN.

S-CURVE | LAGGED UNJT

MIN. | HOURS | 10-MINUTE | S-CURVE |( 3),~( 4N.GRAPH
(1) (2) (3) (L) (5) (6)%

0 0 0 0 0
5 .08 0.25 0 0.25 .50
10 .17 1°70 0.25 1.45.%72.90
15 .25 67 1.0 5.00 [110.00
16.5{ .27 11.00
20 .33 11.69 6.7 5.00 | 10.00
25 42 15.6 11.69 3.99 | 7.98
30 .50 18.05 15.6 2.45 1 4,90
35 .58 19.6 16. 05 1.55 | 3.30
Lo .67 20.85 19.6 1.25 | 2.50
45 .75 22.0 20. 85 1.15 | 2.03
50 .83 22.83 22.0 0.83 | 1.66
55 .92 23.6 22.83 0.77 | 1.54
60 | (1400 249025 23.6 0.65 ] 1.20
65 (1N\1.08 24 585 24,25 0.60 | 0.98
JON1 17 25.20 24,85 0.35 | 0.77
75 | 1.25 25.5 25.20 0.30 | 0.60
80 | 1.33 25.73 25.5 0.23 | 0.40
85 | d4.h%2 25.8 25.73 0.07 | 0.25
90 (4 150 25.87 25.8 0.07 | 0.10

938[*1.55 25.87 0.0

*¢fs. One cubic foot is 0.0283m3

TABLE 4-6
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amounts of effective precipitation.

Determination of Storm Hydrograph

Having the amounts of 5-minute effective precipitation in Table 4-7
and the 5-minute unit hydrograph from Table 4-6, the determination of
the storm hydrograph of inflow is obtained from the computations in
Table 4-8. Note that column 15 gives the hydrograph for 4.25 acres or
one-half the total area. Therefor, because of the symmetry of the two
tributary areas, the inflow hydrograph for the total 8.5 acres has
ordinates just double those given in column 15.

Mass Curve of Inflow Hydrograph; Possible Pumping

The mass curve for the storm hydrograph is computed as shown im Table
4-9; it is plotted in Fig. 4-8. The peak rate of inflow of 33,0 cfs
or 14,800 gpm can be reduced by pumping from storage or by sufificient
storage together with outlet control to not overtax the dapacity of
the outlet facilities. The pumping can be at a constamt\rate, hence
the outflow can be represented on Fig. 4-8 by a straight/line and the
maximum required storage by the maximum vertical intexcept between the
max imum mass curve and the sloping lineNrepresenting the pumping rate.
Two possible pumping rates, 10 cfs and/ 5 cfs aké fshown together with
their associated storages of 35,800.cubic fegthand 22,000 cubic feet
respectively. Whether to pumpeonr hot and what storage and pumping
capacity to provide are principally econemic/determinations.

Wherever gravity disposalivis \feasible within reasonable cost, drainage
by pumping should be avoidéd. Fairly Jlarge expenditures can be justi-
fied for gravity drainage since\pumping installations have high first
and maintenance costs and the possibility 'ef*a power failure during a
storm (or the costs associatéd’with provision and maintenance of
standby power). Long runs ‘ef Pipe or, continuing a depressed grade to
a natural low area may be feasible-akternates.

Determination of Storage”Volume

To have approximately 20,000 gubic feet of storage volume at L4-foot
depth, it is assumed that a Fectangular basin with a 40-foot by 80-
foot bottom and\2:1 sidénsdopes will have satisfactory storage char-
acteristics. \ Its depth=storage curve is given on Fig. 4-9. Actually,
it has 17,000 cubjioc, feet of volume at 4 feet of depth; this is
satisfactory for.purposes of this problem.

Detfermination ‘ofs Depth-Discharge Curve

't is assumed)that a pipe at about a 1% construction slope will serve
as thegodtllet control for the earth embankment storage basin. Using
references 4-5 or 4-6, the outflow capacities for about 22 cfs under
L feet of head suggests an 18-inch pipe. Table 4-10 (columns 1 and 2)
and Fig. 4-9 give the depth-discharge relationship used to solve
problem 4-2.
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MASS RUNOFF FROM STORM HYDROGRAPH

EXAMPLE 4-2

MIN.
TIME CFS CF Y CF

0 0

c ok 66 66
10 .38 3 J
15 1.66 306 375
20 6.18 | 176 1551
25 9.66 2376 3927
- B4 1383 8310
35 30,48 7506 15816
10 32.96 9516 25332
45 30.86 9576 34908
50 25 80 8499 43407
2 ¥co 2995 50502
60 18.16 5949 56451
65 ]5.86 5103 6]554
70 13490 LLgk 66018
75 .32 3783 69801
i 4 3021 72822
gt .72 2331 /5153
90 5.2l 1794 76947
9% 10 1301 78248
160 3,08 1077 79325
105 722 /35 80120
110 .46 552 80672
115 .96 363 81035
120 .60 234 81269
o2 a 150 81419
130 .22 93 81512
135 12 2] 81563
140 .06 27 81590
e -0 12 81602
150 0 3 81605

One cubic foot is 0.0283m3

TABLE 4-9
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MASS RUNOFF INFLOW HYDROGRAPH
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STORAGE-INDICATION COMPILATION TABLE

At = 5 min,

Elevation Discharge Storage 0 S2 S2 O2
S — ~ — F =

0y 2 2 At And )2

(ft.) (cfs) (cfs-min) (cfs) (cfs) (cfs)

(1) (2) (3) (4) (5) (6)
] 6.1 58 3.05 1.6 14 /65
2 12.5 124 6.25 20,8 3%.05
3 16.7 199 8.35 39.8 48.15
4 19.8 283 9.90 56.6 66.50
5 22.6 378 11.#3Q 7546 86.90
6 25.0 4383 12950 96.6 109.10

One foot is 0.3048m. 0One kcubic foetlis 0.0283m3
EXAMPLE 4-2

TABLE 4=10

Routing Procedure

The same routing procedure discussed in Section 4.6.4 is used for
Example 4-2. Tables4-10 forvExample 4-2 is similar to Table 4-3 for
Example 4-1. Golumns 1, 2 and 3 are completed from the depth-discharge
and depth-sterage complitations with the column 3 values the actual
cubic feet, of 'storage divided by 60. Columns 4, 5 and 6 are self-
explanatory?

FromgTable 4-10\the curve of S./ At + 0./2 versus 0
Rig.{ b-10. 2 2

2 is plotted on

The actudl storage routing computations then proceed as shown in
Table 4-T“which is a tabular solution of the storage equation. The
following explains the table:

ey



STORAGE ROUTING COMPUTATIONS

Routing

Time Inflow |Avg. Inflow S]/Z§t+01/2 0] : SZ/ZXt+0 /2 0
Interval | Min. cfs cfs 2 Z
cfs cfs cfs cfs

(1) (2) (3) (4) (5) (6) (7) (8)
1 0 0 0 0 0 0 0
2 5 .04 .02 0 0 »02 01
3 10 .38 .20 .02 .01 o2 w01
4 15 1.66 1.02 .21 .01 V.22 .30
5 20 6.18 3.92 1.22 .30 L. 84 2.00
6 25 9.66 7.92 L. 84 2.00 10.76 4.50
7 30 19.56 14.61 10.76 L4.50 2087 8.80
8 35 30.48 25.02 20.87 8.80 37.09 14.10
9 4o 32.96 31.72 37.09 N0 54,71 17.30
10 45 30.86 31.91 54.71 1730 69.32 20.10
11 50 25.80 28.33 69.32 20.10 77.55 21.40
12 55 21.50 23265 77855 21.40 79.80 21.70
13 60 18.16 19283 79. 80 21.70 77.93 21.50
14 65 15.86 1701 77.93 21250 73. 44 20.90
15 70 13.90 14. 88 73.44 20,90 67.42 19.90
16 75 11.32 12.61 67.42 19.90 60.13 18.90
17 80 8.82 10.07 60818 18.90 51.30 17.20
18 85 6.72 1.7 5130 17.20 41.87 15.10
19 90 5.2k 5.98 41787 15.10 32.75 13.00
20 95 4.10 4.67 32.75 13.00 24,42 10.10
21 100 3.08 3.59 24 .42 10.10 17.91 7.50
22 105 2.22 2.65 17.91 7.50 13.06 5.50
23 110 1.46 1..84 13.06 5.50 9.40 3.90
24 115 .96 IRVAl 9.40 3.9 6.71 2.80
25 120 60 .78 6.71 2.80 4,69 1.90
26 125 4o .50 4.69 1.90 3.29 1.40
27 130 .22 .31 3.29 1.40 2.20 0.90
28 135 12 .17 2.20 0.990 1.47 0.60
29 140 206 .09 1.47 0.60 0.96 0.40
30 145 <02 .04 0.96 0.40 0.60 0.20
31 150 0 .01 0.60 0.20 0.41 0.10
32 160 0 0.41 0.10 0.31 0.08
165 0.31 0.08 0.23 0.05
0

One cubi€yfedsr is 0.0283m”

EXAMPLE 4-2

TABLE L4-11
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Column 1 - routing sequence for ease of reference.
Column 2 - cumulative time in 5-minute intervals.

Column 3 - from inflow hydrograph, Table 4-8, column 16.
Column &4 - average inflow in each 5-minute interval.

Column 5 - start with zero (0) in routing interval No. 1. Each
subsequent figure in this column is the same as that in column 7
on the line immediately preceding.

Column 6 - start with zero (0) in routing interval No. 1. Eagh
subsequent figure in this column is the same as that in thepte-
ceding line of column 8.

Column 7 - column 4 plus column 5 minus column 6.

Column 8 - enter the curve on Fig. 4-10 with the value in column
7 and read the related value of 02 which is inserted in column 8.

Note from the foregoing that 0, at the end of each,routing gnterval
becomes the O] at the beginning of the/following/interval. “Fhe value of
Sz/ At + 02/2 at the end of eacharoudting interval becemés the value of
S]/ At + 0]/2 at the beginning ‘ef *the nextiinterval™ “And when O]
(column 6) is subtracted from S]/ Atyt 01/2 (column'5), it becomes
S]/-ZXt - 0]/2. This added to the avelrage inflow' (column 4) results in
S,/ At +0,/2 (column 7), alldas'‘@iven by‘equation 4-21.

Fig. L4-11 shows both the inflgw/and outflowshydrographs for Example 4-2.
The curves of Fig. 4-9 indicate the.assumed storage would reach a maximum

depth of 4.65 feet and utilize a m&ximum storage of 20,600 cubic feet.
The emergency spillwaylcould be\set=at 5.5 feet.

Emergency Spillway/, \EXamp le /=2

Precipitation ‘data can be obtained from the most recent National Weather
Service publdcation (Table 2-1 and Figs. 2-1k, 2-15, 2-16) applicable to
the area under studyt \The I1-hour 100-year rainfall will often be the
desirable basis oftdesign of the principal or emergency spillway although
where lives or high“property values would be endangered by a breached
detention basin, ‘the probable maximum precipitation (PMP)(Table 2-1,
Section‘C) should be used. The method of runoff determination discussed
in Chapten( 3ymay be used.

For this“example (4-2) the 60-minute 100-year precipitation in the
St. Loubs metropolitan area of 3.30 inches will be used. A rational
method C of 0.95 will be assumed. The peak 100-year 60-minute runoff
will then be 0.95 x 3.30 x 4.25 x 2 = 26.65 cfs. Since the unit
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hydrograph determination of the 5-minute 50-year maximum runoff gave

33 cfs, the 100-year 60-minute peak will be increased by 40% resulting

in a probable 5-minute 100-year peak of 37.5 cfs. Should it be desirable
to assume the PMP, it would be at least 0.95 x 27 x 8.5 or about 220 cfs.
The former of these (37.5 cfs) would be reduced by about 35% by the
assumed storage but the great magnitude of the PMP virtually assures
complete flooding of the assumed storage with an outflow rate practically
equal to the inflow rate. Actually, a specific design for so great an
outflow would make 1t essential to carry out thorough detailed studies

to be confident that the spillway provided was satisfactory. The entire
dam would probably become an overflow spillway and would need to be
constructed accordingly.

Assuming the available storage would reduce the 100-year 5-minut€ peak
to about 25 cfs, Table 4-1 indicates that a 10-foot bottom width™{2:1
side slopes) earth spillway could discharge a peak of 26 cfsmuhder a
head of 1 foot and a critical velocity of 4.1 feet per second, (assuping
an n of .040 for a grass-lined spillway). A 7-foot embahkment would
give 1.35 feet of freeboard above the 100-year S5-minute maximum gpool
level.

For a thorough treatment of the desigm,of emergency, spillways)for small
dams, see Refs. 4-11 and 4-12.

4.7 Summary of Significant Design Mnformatien in Chaptér 4

1. Techniques and formulassare presented for/the determination of
usable depth-discharge relationships~for practical outlets of detention
basins: (a) a culvert-like pipe through the ‘embankment; (b) a vertical
riser connected with an elbow oh tee to a_fillag-sloped pipe through the
embankment; (c) an emergency spillway thfough the embankment.

2. For outlet (b) both“a perforated and unperforated vertical riser
are evaluated. Also, the flat-sloped“pipe connected to the vertical
riser is examined as to/ijts capaéity relative to that of the riser.

3. The storagéh\equations, whiich states that for short time periods
inflow minus outfilow equalsichange in storage, is discussed and applied
to two examples.

L. Thé steps .in(the examples of routing through storage include:
(a) development of:‘a‘désign storm with a chosen temporal pattern; (b)
determination of~the net or effective rainfall; (c) determination of
the_Umilt hydrograph for the particular watershed; (d) utilization of
the /dimensionless unit hydrograph; (e) development of the depth-storage
redationship, for an assumed detention basin; (f) development of the
dépth-discharge relationship of a selected outlet facility; (g) routing
the design’ hydrograph (determined from (b), (c) and (d) through the
assumedhdetention basin to achieve the outlet hydrograph.

5. The estimation of the probable maximum emergency spillway rate
is discussed and illustrated.

§-1s
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CHAPTER 5

ROADWAY DRAINAGE

5.1 General

The term ''roadway drainage'' includes the collection and removal of
waters from the roadway of urban highways and arterial streets in the
most expeditious manner. In some instances, it can involve the use of
detention storage after runoff collection and removal from the roadway
before ultimate disposal. Included are: (a) surface waters origi-
nating within the right-of-way; (b) surface waters originating outsdidey
the right-of-way and not confined to channels that would reach the
travelled way if not intercepted; (c¢) surface waters entering the
roadway from crossroads or streets.

Highway agency standards and criteria for selecting the désign
frequency of rainfall should be based on traffic servicg wequirements,
compatability with the local community drainage system, ‘the presence
or absence of shoulders or parking lanes to convey grunoff and<the
function the proposed drainage facilities,will serve in the(total
storm drainage needs of the immediate ‘area. Wheré drainage s totally
dependent on the storm drain faciljties or whére damage (&6 jother
properties could be incurred because, of inadequate highway drainage
facilities, a larger or rarer raimfall eventumust legically be con-
sidered for design. ''Considetration should.be givennin design to
maintenance operations and“possible traffic hazards/due to sediment
deposit on pavement and in‘the underground system. Special arrange-
ments may be needed for collectien &nd removal, without interruption

to traffic flow and extra inlets, should bghinstalled near low points
of sag vertical curves to také overflow frem)clogged inlets.' (Ref.

5-1)

5.2 General Requirements

Certain consideratioens.are applicable to all roadway drainage.

(a) The design rainfall“frequency to be used for the runoff
determinations must be chosen.

(b)/The”maximumsal lowable extent of flooding or spread on the
running, pavement must'be set.

(c) Concenbration of sheet flow across pavements should be
avoided, e.gh flow across gores or from gutters and shoulders near
sUperelevation) reversals. As a general guideline, runoff should be
interceptéd upstream of these locations in order to minimize, to the
extent practicable, the occurrence of concentrated sheet flow across
the pavement.

(d) Flows in excess of design frequency will generally overflow
from overtaxed structures such as inlets and find their way overland



to the nearest natural drainage course or body of water. This latter,
in turn, may be out-of-banks or overcharging its outlet. Good design
practice requires that such overflow paths be examined sufficiently

by the designer to ensure that such excess paths will not damage the
roadway and that runoff from the highway will not cause damage to other
properties. '

5.3 Roadway Drainage Systems

For the purposes of this document roadway drainage systems are collector
structures and underground conduits which conduct flows to a single
point of discharge. Often, critical problems are encountered where the
surrounding local drainage is inadequate. A cooperative project with
local participation may be the best solution.

5.4 Filow in Gutters

5.4.1 Factors Governing Capacity

The capacity of a gutter depends upon its cross-sectionjgrade anhd
roughness. The gutter cross-section generally has ,a kight tri@ngular
shape with the curb forming the verticalNleg of the, trianglet™ The
hypotenuse may be part of a straight slope from (the pavementscrown or
it may be composed of two straight dihes or om elder pavements by a
curved line and a straight slope An\the gutters

The effect of the gutter cross=séction on\scapacity9ycan be shown by
comparing two gutters bothmon“a 1% longitudinalgragde and with a

usual n of 0.016 (Table 5-1)." One gutfier has.a.straight slope of

3/16 inches per foot (15.63mm per ) y9from the\roadway crown to the

curb. The second gutter has the& same pavement cross slope but has a
2-foot (0.610m) gutter sectiodW with a steepet cross slope of 1 inch

per foot (83.33mm per m). M ‘the flow is confined to a 2-foot (0.610m)
width from_the curb, the stratght slope gutter will carry 0.02 c¢fs
(0.00057 m3/s% and the 25foot (0:610m) gutter section will carry 0.35
cfs (0.0099 m?/s). Lfithe water ‘can be allowed a 6-foot (1.829m) spread
from the curb onto the_pavement, 'the straight cross slope channel will
carry 0.40 cfs (0,0113 M3/s)as compared with 0.96 cfs (0.0272 m3/s)

for the 2-footy (0.610m) gutte¥ section. channel. For a 10-foot (3.048m)
spread of water \from the™cusb, the straight cross slope channel will
carry 1.59 ¢%, (0.0450m3/s) as compared with 2.28 cfs (0.0646m3/s) for
the 2-foot™(0v610m) «gutter section channel. The 2-foot (0.610m) gutter
section has the additional advantage of greater depth of flow at the
curb dine which, increases the capacity of an inlet on a continuous
grades, The flowN\computations are explained in the following paragraphs.

S+ld.2 Capacity of Gutters

The Manning equation cannot be used without modification to compute
flow in triangular gutter sections because the hydraulic radius does
not adequately describe the gutter cross-section, particularly when

the top width of water surface (Zd) may be more than 40 times the depth
(d) at the curb. To compute gutter flow the Manning equation for an
increment of width is integrated across the width Zd (Ref. 5-2) and

the resulting formula is:

5-8



Q = K(Z/n) so‘/2d8/3 ............. (5-1)
or solving for d:
, 3/8
d = [——-—-——-J-‘%T] ............. (5-2)
KZ S0

Where Q = rate of discharge in cubic feet per second (cubic metres per
second) T

Z = reciprocal of the cross s]ope-a
= Manning's coefficient of channel roughness

n
SO = longitudinal slope in feet per foot (metres per meftre)

T = top width of water surface in feet (metres)
d = depth of channel at deepest point, in feet (metres)

K = 0.56 for English units; equals 0.375 for_metric units¢

The designer is interested in both the depth of flowbat the curb (d)
and the spread of the water (T) on the pavement at fhe“design. discharge
and sometimes at other discharges.

The spread of flow on the pavement {Js<often aVcriterion-for spacing
inlets. Fig. 5-1 is a nomographforvsolving equation 5-1 or 5-2.
Instructions for use appear on/Fig. 5-1 and.examples, ake given herewith.
The chart can also be used for flow computations ¢f\shallow V-shaped
channels having side slopes Sfilatter thanwabout @01l Values of Manning's
n are given in Table 5-1.

5.4.3 Gutters With Straight Cross=Section

The use of Fig. 5-1 to compute the deptheof flow (d) at the curb and the
spread (T) of water on thé pavement™is illustrated in the following example.

5.4.4 Example 5-1: (Straight Gress-Section

Given: Q = 1.0 cfs) concrete pavement and.gutter, float finish; cross
slope Wh=inch per foot; longitudinal slope 1%.

Find: depth,of flow ét curb and spread of flow on pavement.

Solutioch:
1. \From TabJe 5-1, n = 0.014
2. Z £M8700 and z/n = 3429.

3.0np Fig. 5-1, lay a straight edge on Z/n = 3429 and channel slope
0.01. Mark intersection of straight edge on turning line.

4. Lay straight edge on point marked in step 3 and the discharge
1.0 cfs. Read depth of flow at the curb, 0.14 feet.

5. The spread on the pavement is Zd or 48(0.14) = 6.72 feet.
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ROUGHNESS COEFFICIENTS:

(MANNING'S "n™")

Highway Channels and Swales with Maihtained Veégetation®

Manning's ''n"
Depth 0.7 ft.|Depth 0.7 - 1.5 ft.
Velocity in fps 2 6 2 6
Type of Grass
-a. Kentucky Bluegrass
Bermuda, Buffalo
(1) Mowed to 2" 0.07 0.045 0.05 0.035
(2) Length L4 - 6" 0.09 0.05 0.06 0.04
b. Good stand, any grass
(1) Length 12" + 0.18 0.09 0.12 0.07
(2) Length 24" + 0.30 0.15 0.20 0.10
c. Fair stand, any grass
(1) Length 12" + 0.14 .0 O 0106
(2) Length 24" + 0.25 0.13 0.1 0.09
One inch is 25.4mm One footyis/0.3048m
Street, and Expressway Gutters
a. Concrete gutter troweledygfinish 0.012
b. Asphalt pavement
(1) Smooth texturé 0.01
(2) Rough texture 0.01
c. Concrete gutter\with asphalt pavement
(1) Smooth 0.013
(2) Rough 0.015
d. Concilete pavement
(1)*Ehoat finish 0.014
{(2W.Broom finish 0.016
ew Brick 0.016

For .gutte¥s with small slope where sediment may accumulate,
increase all above values of ''n'' by 0.002.

TABLE 5-|




It is sometimes desirable to know the discharge in a part of the gutter
channel. This is needed in determining the capacity of grate inlets.
The procedure to be followed with a sketch is given in instruction 3 of
Fig. 5-1. This procedure is illustrated by the following.

5.4.5 Example 5-2: Flow in Part of Gutter Channel

Given: Problem as in paragraph 5.4.4

Find: Discharge in first 2 feet from curb (X = 2).

Solution:
1. From step 4, example in 5.4.4, d = 0.14 foot.
2. Depth (d') at X = 2 is d - X/Z or 0.14 - éé'g> = 0.14~"0Jok =
0.10 feet. )
3. From Fig. 5-1 for d' = 0.10, Z/n = 3429 and S = 0.0y Qb =
0.4 cfs.

The chart solution of Q, is to lay a straight edge from Z/n tor S and from
the intersection of the straight edge with the turning line=to, d' = 0.10.
Qb is read on the discharge scale.

L, Qx in the 2-foot width is.“the totaldQ (1.0 cfs)/minus Qb(O.h cfs)
from step 3 or 1.0 - 0¥ =70.6 cfs.

5.4.6 Gutters With Compos.ite, S€ctions

Fig. 5-1 can also be used for comp@site channel, Sections (two or more
cross slopes) as might occur with, a“gutter, 5ection on a steeper cross
slope than the cross slope ofthe, pavement section. The procedures to
be followed, with a sketch, are/given,in instruction 4 of the nomograph.
The trial and error procedures consisits, of assuming a depth at the curb
and comparing the capacity, of the composite channel with the design Q.
|f these do not agrees '@ new assumption of d is made and the procedure
repeated. An example iMlustrates “the method for two cross slopes using
the same symbols as ‘the’/sketCh “fh instruction 4. The method illustrated
can be extended(to)a section'with more than two slopes by treating each
additional slope™ds a new section b. Sufficient heed to work with a
specific compesite sectionm will justify making up a design chart.

5.4.7 Exampie 5-3% “Composite Section

Giveh: Rough «texture asphalt pavement; cross slope 1/hk-inch per foot;
2-foOt eoncrete gutter section, cross slope 1 inch per foot;
longiitudinal slope 2%; Q = 2.0 cfs.

Find: “Depth of flow at curb and spread on pavement.
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Solution:
1. Assume n = 0.015 for both gutter and pavement.
2. For gutter section Za = 12.00; Za/n = 800; cross slope =
0.0833. For pavement section Zb = 48.00; Zb/n = 3205; cross
slope = 0.0208.

3. Assume a depth at the curb. As a guide, use Fig. 5-1 for a
straight slope equal to the gutter slope (Z,/n = 800) and find
d = 0.27 foot. This d must be decreased slightly to allow for
the greater spread on the flatter pavement or in this case,
assumed d = 0.27 - 0.01 = 0.26 foot.

L. Compute flow in gutter width (X = 2.0 feet) following instruc-
tion 3 of Fig. 5-1. Calculate X/Za = 2/12 = 0.17 foot which is

the depth at pavement edge of the gutter. The totalaflow in a
channel at the assumed curb depth, 0.26 foot with a ontinuous
slope of Za = 12.00 from instruction 1, is 1.7 cfs. The fdow

beyond the gutter width, on the assumption of ‘a_continuous
stope of Za = 12.00, is computed as for thetotal flow using d'=

0.26 - 0.17 = 0.09. From Figs 5-1 this«sn0.1 cfs{ he flow in
the gutter width is then 1.7°# 0.1 = b.'¢ &fs at_the "assumed depth
of 0.26 foot.

5. If the assumed depth isVcorrect,_ therdifference’ in design Q
(2.0 cfs) and that cafried in the gutter width (1.6 cfs) must
be carried in the oVerflow settion on “thel/pavement. This flow
is computed on Fig./™5-1 usifig,d' = 0.09 foot (step 4) and the
Zb/n of the pavement section™(3205) 8 “The Q in the pavement

section is 0.4 cfs and'the totalfQ="1.6 + 0.4 = 2.0 cfs which
checks the design Q_and also the“assumed value of d' = 0.26 foot.
Failure of the total Q to eqlal, the design Q would require a new
assumption of d @nd a recomputation of steps 4 and 5.

6. The spread on ‘thé pavenent = Zbd' or 48 (0.09) = 4.3 feet. The
total width, of flow_measured from the curb is 2.0 + 4.3 = 6.3 feet.

5.4.8 Gutters\With Curved Cross-Sections

Older arterial) city streets and some older highways have curved paved cross-
sections gl ofiten papabodic. For these the gutter flow capacity is computed
by the original Manhing formula, Equation 5-16, as shown in Table 5-2. A
separate table Nis(required for each crown height. The flow is computed
for(segments of\widths of the cross-section; in column 1 of the table,

thi's, Segment width is indicated as 2 feet.

Column 2 ists the depths which in the table are the parabolic offsets.
Column 3 is the width of each section.

Column 4 is the mean depth (hydraulic radius) of each section. This
neglects the friction on the vertical face of the curb.



COMPUTATION OF DISCHARGES
IN PARABOLIC PAVEMENT CROSS-SECTION

(FOR DEPTH AT CURB OF 0.48 FOOT;
‘24 FT. HALF PAVEMENT WIDTH;n=0.015)

Distance
From Depth |Width of| Mean Area 2/3 . K *
Curb of Flow|Section |Depth R{Section | R 1.486 | Conveyance
Ft. Ft. Ft. Ft. Sq.ft. - Facter
(1) (2) (3) ) (5) (6) (7) (8)
0 0. 4800
2.0 44166 |.8833 .579 | 99.07 50.67
2 0.4033
2.0 .36833 [.7366 513 | 99,07 37-h4
b 0.3333
2.0 .30166 |.6033 450 | 99.07 26190
6 0.2700
2.0 24166 N 4833 .388 | 99.07 18.58
8 0.2133
2.0 *18833 |.3766 .329 | 99107 12.27
10 0.1633
2.0 WI14166 [2833 .27 99.07 7.61
12 0.1200
2.6 101668} . 2033 =217 1 99.07 4,37
14 0.0833
2.0 06333 |.1266 -159 1 99.07 2.00
16 0.0533
2.0 .04166 |.'0833 . 120 ] 99.07 0.99
18 0.0300
2.0 L02166, | .0433 .078 | 99.07 0.33
20 0.0133
2.0 2008166 .0163 .041 | 99.07 0.07
22 0.0030
2.0 0
24 0
yE2h.0 Y:=161.23
One foot fis 0.3048m One square foot is 0.0929m?2
& K= (1.486sm)ARY 3, o = ks'/?
TABLE 5-2




Column 5 is the area (column 3 times column 4)of each section.
Column 6 is self-explanatory.

Column 7: n assumed as .015; this might vary if the gutter n differs
from the pavement n.

Column 8: the conveyance factor of the Manning formula, namely K/n

AR2/3. Q then, in c¢fs, is this conveyance factor multiplied
by the square root of the longitudinal slope of the gutter.
The coefficient K is 1.486 for the English system and one
(1) for the metric system.

Fig. 5-2 shows the parabolic half-section of a 48-foot (14.63m) pavément
and depth-discharge curves for various longitudinal gutter slopesw. From
these latter curves there can be determined for a known flow_quantity
and gutter slope, the depth at the curb and T, the spread of ghe flow
(or width from curb). An example on the figure illustratés this.

While there are no experimental data on operation ofi,curb’opening inlets
on parabolic sections, an equivalent straight sectiop“can be calculated
which closely approximates the paraboljich\section, having thé same dis-
charge and same depth at curb. Withcurves similar to those™of Fig.

5-2 the designer can determine T frem\a given{Q\and longitudinal slope,
or can determine Q from a givenyT™and slope.

The cross slope Sx of the equivalent straight secition can be obtained
from the equation for flow\ ifwtriangldlar’ channelsh:

. & Kd8(351/2 (5-3)

PRy \\rre @ Ceeeenenaaan
Values of Q, n, d and S can‘be™obtainéd for the parabolic section and
substituted to obtain S_.{ The equimvatent straight section is then used
for computing curb open%ng inlet'design. The coefficient K is 0.56 for
English units, 0.375 fer=metric.units.

5.4.9 Desirable_Gutter Sections

When gutters areson a continuous grade, the depth of flow at the curb
affects the(capacity of ‘eurb opening inlets and the discharge within
the width(of "a grate inlet determines its capacity. Thus, the ideal
gutter section for hydraulic efficiency will carry the design discharge
concentrated near(the curb with flow at the greatest practical depth.
Such /avsection \is not compatible with flat pavement cross slopes. One
soJution used ‘en many urban highways and most city streets is to add,
oltside thewtravelled way, a gutter section from 1 to 3 feet (0.305 to
0.914m)ewide, sloping about 1 inch per foot (83.33mm per m).

On divided highways with a narrow median the choice must be made between
crowning each pavement to drain in both directions or sloping each

5-15
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pavement to drain in one direction. Minimization of the potential
hazards of "hydroplaning' can be helped by keeping the depth of

sheet flow as shallow as practicable; this suggests crowning pave-
ments to drain in both directions. In northern climates it is
preferable to prevent snow-melt water from running onto or across

the pavement and becoming a hazard by freezing. This requires gutters
on both sides of curbed pavements with inlets at close intervals.

5.5 Gutter Inlets

5.5.1 General

The hydraulic capacity of a gutter inlet depends upon its geometry
and upon the characteristics of the gutter flow. The inlet capaclty
governs both the rate of water removal from the gutter and the amount
of water that can enter the storm drain system. Many costly stomm
drains flow at less than design capacity because the storm nunoff
cannot get into the drains. Inadequate inlet capacity orgpoo¥ inlet
location may cause flooding on the travelled way which greates a
hazard or at times, interrupts traffic.

Water-borne debris and trash may be deposited on an fmlet causing
complete or partial clogging. Often freedom from/clogging and non-
interference with traffic requires an| irlet of“a specifif type rather
than the most efficient inlet from“an hydrawlic point &f.view. For
example, a curb opening inlet mightsbe used\where a grate inlet would
be more efficient.

5.5.2 Types of Inlets

Gutter inlets (Fig. 5-3) can bexdivided intownthree major classes each
with many variations. These glasses are (l1)\curb opening inlets;

(2) grate inlets; and (3) cofmbimation inlets. Each type of inlet may
be installed with or without a depression of the gutter and may be a
single or multiple inlet~{two or*mére) closely spaced inlets acting as
aunit). Two identical‘nits placed end to end are called double
inlets. Additionally, Jthere afejoccasional inlets in which the intake
opening is normal ‘%o ‘the flow;\and slotted drain inlets with slots
flush with the, pavement.

A curb openijng, inlet generally requires a larger structure than a grate
inlet of equal capdcity)but the curb opening is located back of the curb
line and offers little interference with roadway traffic.

An ufidepressedyinlét has less capacity than a depressed inlet. Curb
opening inlets, lose capacity rapidly with increase in longitudinal grade.
Grate inlets generally lose capacity with increase in grade but to a
Tesser dégrees A combination inltet without depression has little
greater\capacity than the grate inlet alone. Changes in cross slope
affect the capacity of a curb opening inlet much more than the capacity
of a grate inlet.
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Choice of inlet cannot always be made upon capacity alone. Debris
carried by the gutter flow and interference with vehicular traffic
must also be considered. Curb opening inlets are relatively free of
debris clogging while grate inlets have a tendency to clog and might
clog completely where debris is a problem. Combination inlets are
better than grate inlets alone where debris is prevalent.

Depressions may be objectionable to high speed traffic. Curb opening
inlets with vertical openings greater than about 6 inches (152.4mm) are
a hazard to children. Bicycle safety has become a major consideration
in inlet design,

5.5.3 Characteristics and Uses of Inlets

1. The curb opening is most effective in sags and with flows
carrying floating trash. As the gutter grade steepens, it's  ntercep-
ting capacity decreases. Consequently, it is commonly used on sags
and grades flatter than 3%.

Curb opening inlets are used on urban highways; withsopeting 6 inches
(152.4mm) or more in height, a 3/4-inch.(19.05mm) pAains round bar is
often placed horizontally across the opeming for safety of small children.

2. Grate inlets, as a class, penform satfisfactorily/over a wide
range of gutter grades. Their pyincipal disadvantage fis jthat they are
easily clogged by floating trash.\ They warrant preference over the curb
opening type on grades of 3% ©orumore. .Grate inletshare also used in
locations where a gutter deptession is  not permissible or desirable.
Preference shall be given to grate_imlets in Jlecations where out-of-
control vehicles might be involyed.

Rectangular grates can be used.€ither insidé or outside the roadbed.
Typical uses within the roadbed include: , a valley gutter location; the
gutter of a driveway; within the shoulder against a dike; against the
vertical face of a bridde abutment;\stréet intersections upstream from
cross-walks.

3. Combinatdion, inlets provide both a curb opening and a grate.
These are high“capacity inletswhich may offer many advantages of both
kinds of openings. Thoge“combination inlets with the curb opening
directly opposite thesgrate are typically used in a sag location either
in a curbJand gutter\installation or within a shoulder fringed by a dike.

What mfay\ be termed & ''sweeper' inlet has a curb opening preceding a grate.
It is/particularly useful as a trash interceptor during the initial phases
of\a,storm.~Used in a grade sag, the sweeper inlet can be modified by
providing~ascurb opening on both sides of the grate.

L N\Pipe drop inlets are made of a vertical commercial pipe section

of concrete or corrugated metal with a removable grate flush with the
drained surface. As a class they develop a high capacity and are
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generally an economical type. These inlets are designed for use only
outside the roadbed.

The grate pipe drop inlet intercepts water from any direction. Being
round, it is most effective for flows that are deepest at the center.

5. Slotted drains are made of pipe with a continuous slot on top
or of pipe with a flat top and transverse slots. These inlets can be
used in flush, all-paved medians with superelevated sections to prevent
sheet flow from crossing the centerline of the highway. Short sections
of slotted drains may be used as an alternate solution to a grate catch
basin in the median or edge of the shoulder.

5.5.4 Location and Spacing of Inlets

1. Governing factors in the location and spacing of inlets are:
the amount of runoff; the grade profile; the location and geometries
of interchanges, driveways and street intersections; width of*“flow
limitations; the inlet capacity; accessibility for maintenapce and
inspection; volume and movements of vehicles and pedesthians; and amount
of debris.

2. The aim in the location of inlets should/be the most.effective
and economical installation. In urbap “dreas, sthe™volumelof vehicular
and pedestrian traffic constitute.an Tmportamntycontroll” “FoGr street or
road crossings, the usual inlet_location Jis\at the intéersection at the
upstream end of the curb or pavement return)and cleaw of the pedestrian
crosswalk. Safety of location for maintenance purposes is an important
consideration.

3. The distance between imlets” should be determined by a rational
analysis of the governing factOrshvas discussed later.

L, Inlets in seriesgshould have.a minimum spacing to allow bypass
flows to return to the gurb, face¢, (Frequently, lengthening or widening
a grate inlet is a desirable alternate.

5.5.5 Factors_in dnlet“Capacity

The discussion Wa*this section is restricted to inlets on a grade.

The term '“indet capacity'' is used to mean the hydraulic catch of the
inlet under & givenm,set of conditions rather than the maximum water that
can be interceptédby the inlet if the discharge is increased without
Timith, The effiiciéncy of an inlet is the discharge intercepted by the
inlet (Qi) diwided by the flow in the gutter (Q). The discharge that

bypasses sthe~inlet (Qc) is termed ''carry-over''.
A major ¥actor in the capacity of a curb opening inlet is the depth of
water in the gutter immediately adjacent to the opening. The capacity

of a grate inlet depends principally upon the quantity of water flowing
in the section formed by projecting the grate width upstream. An increase
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in transverse (cross) slope increases inlet capacity. lIncrease in
length of a curb opening inlet and increases in width of a grate
opening increase the capacity of the inlet. For grate inlets, the
efficiency of the grate opening is an important factor in inlet
capacity.

For a curb opening inlet, depressing the gutter increases the capa-

city of the inlet. The amount of the depression has more effect on

the capacity than the arrangement of the depressed area with respect

to the inlet. St. Louis experiments show that on a 1% grade, a 6-inch
deep (152.4mm) depression has twice the capacity of a 4-inch (101.6mm)
depression and six times the capacity of a 2-inch (50.8mm) depression
(Ref. 5-3). Colorado State tests (Ref. 5-4) showed that for a 2-inch
(50.8mm) depression, 2 feet (0.610m) wide, a transition beginning 2" feet
(0.610m) upstream from a curb opening and ending 2 feet (0.610m) sdown-
stream from the inlet was an efficient arrangement and that wheresthe
efficiency of the curb opening inlet was greater than 75%, thedifference
in efficiency between the various transitions tested was less( than 5%
The Johns Hopkins tests (Ref. 5-5) found that with a gradé of 1% and
cross slope of 0.056, a depression of 2.5 inches (63.5mM)\inhcreased
inlet capacity ten times or more than that of an undepressed inlet.

The effect was less at steeper grades. « Their tests™ahso showéd that
extending the depression upstream fromasthe curb opening a short distance
increased flow; but if the distance was Jincreased beyond_an optimum
value, depending upon the longitudifal slope «and, the cross /slope, the
inlet capacity decreased almostato\Its original value. Uohns Hopkins
tested triangular-shaped depressiens and found thatda “triangular depres-
sion with the base upstream ghduwith the apex at the “lower end of the
curb opening had 65% greatér.capacity~than a_constant width depression
of the same length and depth. When<bthe upstréam-length was increased

to its optimum length, the capacity of the-4rfangular depression was

80% greater than that of the corresponding ‘reCtangular depression.

Most of the investigators (Refs. 5-6, '5-7) have pointed out that the
capacity of an inlet is increased by alllowing a small percentage of

the flow to bypass the (inlet. The ‘carry-over is created by increasing
the discharge in the @utter and=whjle the catch (capacity) of the inlet
increases with increased total\flow, the efficiency of the inlet
(percent of tota}«flow) decfeases. This loss of inlet efficiency is
not a valid argument against deliberately designing the inlet for a
carry-over. _Perhaps a better way of showing the merits of designing
for carry-over) dischafge®“is by examining the economics of the inlet.
For a givenhgutten.discharge, the catch of each additional increment

of width (grate imlets) or length (curb opening inlets) becomes
rapidiy.iless. “Thus, the cost of catching the small amount of flow
neaf sthelthin_edge of the triangular flow channel approaches the cost
of\‘eatchingrthe’ greater amount flowing nearer to the curb. For example,
with a constanit cross slope, a grate 50% of the width of flow will
intercept(84% of the flow and to intercept the remaining 16% of flow,
the width of the grate would have to be doubled.
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5.6 Curb Opening Inlets

These Inlets are used in many locations because they offer little
interference with traffic and are relatively free from clogging by
debris.

The best hydraulic type of curb opening inlet has a cantilevered top
slab without supports in the opening and a depression of the gutter

flow line of at least 2 inches. The length of the opening can be varied
with the amount of water to be intercepted. If a support for the top
slab is used in the design, it should be round in horizontal cross-
section and recessed several inches back from the curb line. Supports
to the top slab placed flush with the curb line reduce the effectiyer
ness of the opening downstream from the support by as much as 50%s

If drift catches on the support, the interception of the downst+eam
portion of the opening may approach zero.

5.6.1 Standard Curb Opening Inlet

The standard curb opening inlet discussed herein is\illustrated“in)Fig.
5-4. 1t has a depression beginning w feet out fromwthe curb 4&nd
dropping 1 inch per foot below the planenof the pavement. Jransitions
at the two ends extend w feet from the/ends of ,thejopening. “=The height
of the opening must consider probabde\debris but generallyy need not be
more than 4 inches (101.6mm) singe ‘the wate™surface draws down as it
accelerates on the depression apron; it should not €xegéd 6 inches
(152.4mm) unless provided wigh\a'horizontal bar iA)order to prevent a
child from being washed into _the opening. The équations given in Table
5-3 apply only if the cross*section 6f Jthe street''has a uniform slope to
the face of the curb. HoweVer,ssubSequent discussion considers how to
take care of deviations therefrom.

5.6.2 Operation of Inlet

The operation of a curbfopening,inlet on a grade is usually described
in terms of the ratiofefwthe flow intercepted, Qi’ to the approach

flow Q, which extends, asdistanced T, from the curb face. Qi/Q can be
defined in a dimensionless plot against Li/(FwT) (Fig. 5-5), where Li
is the length of the inlet 'opening and FW is the Froude Number related

to the depth™of thesapproach flow at a distance w from the curb. This
is along avline at ‘the outer edge of the inlet depression. The Froude
Number, is a measure>of the gravity force acting on the flow in the gutter.

INNErg. 5-L5awhich is drawn for a cross slope Sx = 0.015 and w = 2 feet

(0.610m) ¢y note that Qi/Q = Li/Ll up to the point where the parameter

Li/FWT =*0.4. Beyond that point, the relationship changes abruptly to

a curved line for which Qi/Q = (Li/L3)O'A. L] is the value of Li where
the straight line intersects Qi/Q = 1.0, while L3 is the value of Li
where the curved line intersects Qi/Q = 1.0. L2 is the value of Li at
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the breakpoint between the straight and curved lines.

From the diagram it will be apparent that if we know the value of
FWT and Li’ the value of Qi/Q can be read from the ordinate scale,

remembering that this diagram is for specific values of SX and w.
The position of the Sx line varies with these variables in accordance

with the equations on the figure. The position of the curved line
remains fixed. Solutions for Q./Q may be read from Fig. 5-5 for

w = 2 feet (0.610m) or may be computed using the equations as tabu-
lated in the examples in Table 5-3. That table also gives the
equations for FW and Q in terms of the cross-section variables.

The understanding of the dimensionless curves of Fig. 5-5 is improved
by knowledge of their physical significance. With the product(F
assumed constant for a given flow situation, the abscissa is the"
length of inlet divided by that constant. |If desired, the scale coufd
be recalibrated to read directly in feet of inlet lengths \For shoft
inlets up to the length L2, where the curve breaks, the\inlet acts jas

a weir. |In fact, the flow interceptedis practically “whe samé, as would
be intercepted by the same inlet at a sump, usingsthe modified weir
equation for that case. The major part of theflow is intercépted
(60% or more depending on Sx), up*to.the length L,. Forigreater lengths

of inlet, the remainder of the flow moves_in gradualdyhas indicated by
the lesser increments of Qi as( length incresases.

5.6.3 Curb Opening Inlet DeS¥gn Chaft

|zzard (Ref. 5-8), from whom is  taken thissdiscussion of the hydraulics
of curb opening inlets, has develeoped Fig. 5-6 as a graphical solution
for standard curb opening inlet./design. His"work is based upon original
experimental data for full-scale inlets freported in 1961 by Karaki and
Haynie (Ref. 5-4) which,was analyzéd by) Bauer and Woo (Ref. 5-9). The
graphical solution presented here has the advantage of being applicable
to any grade (So)’ cfoss, slope (Sx)’ roughness coefficient (n), and flow

spread (T), whilewgiving a direct reading from a single chart. Fig. 5-6
is based upon W= 2 feet (0.6M0m); a = 2 inches (50.8mm) and h = 6 inches
(152.4mm) . The ‘achieveent®of an h substantially equal to 6 inches
(152.4mm) with) a depnéssion of 2 inches (50.8mwm) and a 6-inch (152.54mm)
curb heightNcan beydcecomplished as illustrated by a standard curb inlet
of the ¥irginia Depawtment of Highways and Transportation, (Fig. 5-7).

Theluse of the ‘chart (Fig. 5-6) is illustrated by an example in dotted
lihes  and described as follows:

l¢ ‘The starting point is in the street section at a point w (2
feet (0.610m) from the curb face), where the depth of flow is dW.

2. The example assumes S = 0.02 feet per foot (0.02mm per m);

T = 10 feet (3.048m); S_ = 0.03 feet per foot (0.03mm per m) and n =
.016. It requires the = determination of inlet lengths to accept

5-26



STANDARD CURB-OPENING INLET CHART

EXAMPLE_
W':g T:‘ One inch is 25.4mm S, =0.02 ft./ft
ﬁ:e in: One foot is 0.3048m Given{TX =10 f.
So =0.03 ft./ft.

) . [Li =11.8ft. Lj=34ft.
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Qi/Q ratios of 0.65 and 1.0.

3. Enter at top left-hand edge of chart the value of § (T -2)
which for the example is .02 (10-2) or 0.16.

L, Follow vertically down to the line representing Manning's
n of 0.016

5. Move horizontally across to longitudinal slope SO of 0.03.

6. Follow vertically down to flow spread T of 10 feet (3.048m).
This establishes a horizontal line for the example.

7. With the given Qi/Q of 0.65, enter the upper right of the
chart, follow horizontally across to line A or line for assumed S
whichever is intersected first.

8. Move vertically down to the lower margin of the uppé€r ‘right
quadrant where Qi/Q is 0.1 and then, diagonally to intersection with

the horizontal line in step 6.

9. Follow vertically down to find the required Minlet length L
for the example, 11.8 feet (3.597m).

10. The horizontal line in step, 6" can becontinued te the right
until it intersects the sloping Jine L., to“fimd the needéd curb
opening to achieve 100% interceptjon. Froem intergeetion with line L
move vertically down to the 100%) inlet length. For the example, this 3

is 34 feet (10.363m).

1. If the length of "inlet, is” given, enter with that length, move
up to the horizontal line established in step’6, diagonally to Q; /Q =
0.1, then vertically to S (or Pine A) andvsacross to Q /Q.

The cost curve in the lowér right cormer of Fig. 5-6 shows how inlet
costs may be estimatedys »It is based upon 1973 contract prices for
Virginia State Highway Department, eurb opening inlets. |t can be
useful in consideration)of alternate criteria for T and SX

The maximum intérception per foot (metre) of inlet occurs in the straight
portion of the function 1n Fig. 5-5. Since cost is related to length,
the least cést per cfs« (m3/s) intercepted, occurs in this range.

As illustreted in “the example, the length of inlet decreases markedly
when QI/Q is assumed as less than 1.0. If a slight increase in spread

TNis(tolerable for successive inlets, the carry-over flow added to the
runoff from the intervening watershed increases the interception ratio.
Consequently; /by the third inlet, all the intervening flow is inter-
cepteds. “Gost savings can be substantial even when the last inlet is
sized to'pick up the total flow.

5.6.4 Steeper Gutter Section

It is quite common practice to build gutters with steeper cross slopes
than the pavement. This increases the depth at the curb and the dis-
charge for a given spread.
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There have been no experimental tests on inlets placed where the gutter
has a steeper cross slope than the pavement. A method of estimating
the increase in interception capacity due to the increased flow in such
compound or composite sections is suggested here. When the gutter
slopes more steeply than the pavement, an increase in gutter flow results.
1f the gutter has the same width as the inlet depression, it is practical
(although not conservative) to assume that the increased increment in
gutter flow will be intercepted by the inlet. Using the method outlined
on Fig. 5-1, Fig. 5-8 has been computed and drawn to give the relative
increase in total flow for various cross slopes and values of T, based
upon a commonly encountered gutter 2 feet (0.610m) wide with a cross
slope of 1:12.

To use Fig. 5-8, first estimate inlet interception flow for the given
inlet using the method previously described. Knowing Sx and T réad™A
(Qi/Q) on the ordinate scale and multiply it by the previously esti-

mated Q to obtain the increase in the interception to be addedhte the
original Qi'

5.6.5 Parabolic Roadway Section

Experimental data on operation of curb opening inletston parabolic
sections is lacking. However, an equivalent straight sectionfcan be
calculated as discussed in 5.4.8.. This“closedy, approxiniates the
parabolic section, having the same ‘depth at “the curb and,the same
street flow Q. Using the equivalent cross slope and™flow spread, the
curb opening inlet design can préceed using Fig. 596

5.6.6 Tabular Design of Cufrb Opening Inlets

Table 5-3 illustrates the sequence Of steps.“~As a rule, the designer
will be working with a standafd.inlet andscross-section for which S_,
n and w are fixed. In the hedding, equatiohs (1)*, (2)% and (3)%, *

taken from those in Fig. 5-5,"reduce™to the numerical coefficients in
the heading of columns £9)% (10)*and X V1).

On the first line, . nlet 1, the designer is to find the inlet length
required for 100% “intefceptilonyon a 1% grade with T = 10 feet (3.048m).
The encircled waumbers represent the required criteria. Column 3 is used
if there are a succession,of grades for which Q is computed by equation
(5)*. Similanly, column,7 is for F computed by equation (k)%*,
Multiplying F’T in column 8 by the W coefficients in the headings of

columns 9, lo? and M1y gives characteristic lengths L], L2 and L3. As
stated QI/Q = 4,.s0 Qi in column 13 equals Q in column &4, QZ/Q for

the, standard, eonditions is simply 0.462/0.770 = 0.600 as recorded in
the heading, for column 14. Either columns 15 or 16 are used to record
Ls depending “6n whether Q, < Q, or > Q, (or in the case where L. is

given, Li'< L, or >>L2). In this case, Q, >'Q2, so L, is computed by
equation (8)*. Since Qi/Q =1, Li/LB = 1 and L. = 20 feet (6.096m) as
*Equations given at top of Table 5-3.
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taken from column 11. Actually, for 100% interception one may go
directly from column 11 to column 16. Column 17 records the selected
lfength L., usually as a multiple of 2 feet depending on design standards.
In the néxt example, the computed length 11.4 becomes 12 feet (3.658m).
[f desired, Q. can then be recomputed by equation (7)* or (8)* in

column 18 and'subtracted from Q to give the carry-over discharge Qc'

In the next three examples the independent variables are the same as
the first example except that Qi/Q = 0.8. For inlet 1, the required

length reduces to 12 feet (3.658m) with QC = 0.44 cfs (0.0125m3/s).

Assuming the increment in runoff for the next subwatershed is the same
as for inlet 1, the second inlet will then have Q = 2.39 + 0.44 = 2.83
cfs (0.0801m3/s). This requires a recomputation of T; this can be(done
simply as (2.83/2.39)3 3/8 10 = 10. 7 feet (3.261m) in accordance with
equation (6)*. L3 changes slightly to 20.1 feet (6.126m). It/ Ts=now

assumed that the same S|ze of inlet will be used again, so Q /Q is

computed as (12/20. l) = 0.81 making Q 0.81(2.83) = 2.30 cfs
(0.0651m3/s) and QC 0.53 cfs (0.0150m3/s). For inlef 3} again/using

12 feet (3.658m), the adjusted value of T becomes 1038, feet (3.292m)
and L, = 20.3 feet (6.187m) which leaves Q /Q = 0%81 and S 2.37 cfs

3
(0. 0671m3/s) The flow intercepted _has’now become substantially equal

to the increment in runoff for _theNintervening watershed.

Supposing that inlet 3 is just above an Wntersectiemmaking carry-over
flow undesirable, the thigd Miet may'be increased to 20 feet to inter-
cept practically all the filow.

The cost savings (1973 dollars)¢genérated.bywusing Q; /Q = 0.80 can be
computed using the cost curve/in“Fig. 5-6.

Cost of inlets only (Qi/Q = 1)=.3 x 1970 = 5910

Cost of inlets orly (Qi/Q =.0.8) ° 3 x 1470 = L4410

Alternate: 2_at 12-foot! (3.658m) length, 1 at 20 feet (6.096m):

2 x 1470 = 2940
1 x 1970 = 1970
$4,910

If 0.55 ¢fs (0.0]56m3/s) can be allowed to get by inlet 3, then the cost
savingwith three)l2=foot (3.658m) inlets is $1500 or 25% by assuming
Qi/Q =-0.80. M @o carry-over flow is allowed, the saving reduces to

17%." Theseacalculations omit consideration of the cost of pipe since
the pipe sfize\probably would not change for the several alternates.

In . inlet 4, it is assumed that a 10-foot (3.048m) inlet is to be used
and Qi/Q is to be found. In this case, Li-< L2 so equation (7)* is used.

*Equations given at top of Table 5-3.
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For alternate. 1, the length for Qi/Q = 0.8 is to be computed.

For inlet 4, alternate 2, the problem is to find T which would enable
the 10-foot (3.048m) inlet to intercept 80% of the flow. This would
tell how far upstream the inlet would have to be moved to reduEeSQ to

that amount. In this case, (10/L3)0'h = 0.80 so L3 = (1/0.80) 10 =

17.5 feet (5.334m) which must equal 1.65 FWT. Therefore, FT =
17.5/1.65 = 10.6. As a first trial assume FW = 2.2 making T = 10.6/2.2 =

4.8 feet (1.463m). Substituting this T in equation (4)(Table 5-3) we
find F = 2.03. A second trial with F,= 2.1 yields T = 5 feet (1.524m)

and computed FW = 2.05 which is close enough. Taking T = 5 feet by

equation (5)*, Q = 0.0515(5)8/3 0.03]/2 = 0.65 cfs (0.0]84m3/s). Thi's
is an absurdly small discharge demonstrating that a 10-foot (3+048m)
intet isn't worth much on a 3% grade. Rather than moving the, tnlet
that far upgrade, it would obviously be more economical to dg¢ jto a
22-foot (6.706m) inlet, at the original location, and save the extpa
length of pipe.

5.6.7 Significance of Cross Slopes

In Table 5-3 computations are limited"to*one cross/slope.S = 0.02.
Substantial economies can be achieved by selecting a steeper cross
slope as demonstrated in Fig. 5:9% \The ordinhate is cost/cfs inter-
cepted by a single inlet (Q,/Q-=\l) on aslii\drade, Plotted against
T for several cross slopes.' Nete that, thescost iEoughly cut in
half by adopting a criterfon _of 0.03<instead ofQ 02 for the cross
slope. Note also that thellcost rises_sharplysas./the criterion for
spread is reduced. Costs per ofs (m3/s) incredse appreciably with
spreads limited to less than 10%feet (3.048m); T of 8 feet (2.438m)
involves inlet costs approximgtely one and=ohe-half times those for
T equal to 10 feet (3.048m)%, Costs wéuld be in about the same pro-
portion for Qi/Q = 0.80. {Inlet costs~are taken from the cost curve

in Fig. 5-6.

5.6.8 Checking fof Greater Storms

In checking intets” for performance with storms greater than §he design
storm, notegsthat the spread on the pavement increases as Q3/ , other
variablesremaining,  constant. Thus, if runoff is doubled, spread

3/8

increases only 2 = 1.3 times. Assuming the inlet to have been
desighed for Qi/Q =" 0.80, this would reduce to about 0.7 but Qi would

increase abolt 90.7/0.8)2 = 1.75 times. One would then have to check
the "‘pipe capacity and particularly the head loss entering the pipe to
see if the gteater Qi could be accepted. Depending on consequences of

street flooding, consideration might be given to increasing the pipe
capacity.
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5.6.9 Capacity of a Curb Opening Inlet in a Sag

The capacity of curb opening inlets in a sag depends upon the depth of
water at the inlet and the inlet geometry. The inlet operates as a
weir until the water submerges the entrance. When the water depth
exceeds about 1.4 times the height (h) of the curb opening entrance,
the inlet operates as an orifice. Between weir-type operation and
orifice-type operation, the capacity is indeterminate. Fig. 5-10
gives the minimum height (h ) of opening required for weir-type
operation. |f the opening m height (h) equals or exceeds h_, Figs.
5-11 through 5-13 will give the depth of ponding measured ™ at the
curb, just above the depressed area. The use of these figures is
explained in the following example.

Figs. 5-11 through 5-13 are based on experiments made at Colorado~State
University and apply to depressed curb opening inlets with a hefght of

opening equal or exceeding the appropriate h_from Fig. 5-10. ‘When the
inlet is not depressed, the approximate capa@ity can be computed by the
weir equation:

Q, = 3.0KLidi‘~5 ............. (5-14)
where
Qi = capacity of the inlet in cubfi¢ feet peftsecond. (clbic metres
per second)
d, = depth of water above ‘inlet lip_Jn feet (metres)
Li = length of clear opéming in feetudmetres)
K =1 (one) for English=units;(0.5521 fori metric units.

When the depth at the opening ekxceeds 1.4 h ‘the capacity may be computed

by the equation: 1/2
Q, = KA [;_g(di - gﬂ ........... (5-5)

where

A = area of openimg in square feet (square metres) (hLi)

h = height .ef\opening Yin feet (metres)

Q;» di and\L7 are the,same as in equation 5-4

g = 32.16 ft/sec/séc (9.8024 metres/sec/sec)

K ='Q.67 for’English units or metric units.

5.6.40, Example, 5-#: Curb Opening Inlet in a Sag

Given: a curbyopening inlet in a sag; pavement cross slope 0.03;
doncrete broom finish (n = 0.016); depression, width = 1 foot,
amount 1 inch; height of inlet opening = 0.75 foot, design
discharge from both sides of the inlet, Q] = 2 cfs, Q2 = 8 cfs;
total Q@ = 10 cfs.

5-35



MINIMUM HEIGHT I

)

5 t -

[ OF DEPRESSED CURB-OPENING INLET _

Yeol FOR FREE FALL SUMP CONDITION /

= w=I' w=2' w=3' j

W R a=1" a@=2" a=3"

'_ = —

LT s, = 0.015 —0.06 f

® a0 | / _

& 40

& n

T = One inch is 25.-4mm j

- One foot is 0.3048m

8 — One cubic foof is 0.0283m3 —

s - / 7

220 [

s

L - —

g - —

S T 7 )

L = ‘"

ES 20 ~ / /

el /

E / / -

: / R

- i ///A hd |

< = _

/ /!

210 / -

¢ T / v i

x & / -

14 = ///// w’//’ -

9 o ] _

'<J0) ez _
00l 02 03 04 05 06 07 08 09 10

FIG. 5-10(after HE

h, (FT)

c-12)



FI1G. 5-1| fAfter HEC-/2)

c'mox. (FT.)

—_ T T T T T T T T T

ug - SUMP CONDITION —

= N (MINIMUM WIDTH FROM CURB TO CROWN

- OF ROADWAY =12") w 178

g 50 Based on: Q;=2(L; +2.4W) (dmax* 3

ok w=1'" a=1" {

L s,= 0.015 —=0.06 )

|.6 - So= O —

» 40

g | £

n = One inch is 25.4mm -

One foot is 0.3048m

':_E_ - One cubic foot is 0.0283m3 —

o B _

° 30 /

b=

s | 4 W

W n -

wn

g [ / ]

b . -

Y 20 / -

'5 B '\6// N /
| NG 6 —

o N -

_J - ; / A / -

I /

510 <

— L // / =

w

ot - /// il

S (==t ]

O Yo 01 02 03 04 05 06 07 08 09 10



SUMP CONDITION
(MINIMUM WIDTH FROM CURB TO CROWN
OF ROADWAY =12")

1 1

FI1G. B-12 (After HEC=-/2)

dmax. (FT)

5-38

@

L

m 50 W .1.856 __|

J Based on: Qj=1.7 (L +1.8W) (dmax.*j3)

2 -

u‘J N w=2' ga=2" \

E N S,=0.015 —+=0.06 _
| Sn= 0

5 0 7

o 40

W i =

%) | One inch is 25.4mm a

T One foot is 0.3048m

- — One cubic foot is 0.0283m3 .

(@) | _

o

= 30 /

O n -

e

w n -

"

3o / / i

(_ID N —

2 /

= 20 /

Iu—J B \6 A /

3 L o \’/g e

2 - / i .

= - / / / -

w = /// ]

I

K - /// —

(1 /// ]

o N 5/

5 O

O SN0 0l 02 03 04 05 06 07 08 09 10



T T T T T T T T T

u SUMP CONDITION _
(MINIMUM WIDTH FROM CURB TO CROWN
OF ROADWAY =18")

"~ Based on: Q; =1.475(L; +1.8W) (maxta) > 7]
w=3 a=3"
s,= 0.015 —0.06

5 5= 0 4

(4]
o

—

D
®)
g

| One inch is 25.4mm —
One foot is 0.3048m

— One cubic foot is 0.0283m3 /

n
O

; 5

_ / P2 :
| / .
f 444( | :

| 02 03 04 05 06 O7 08 09 10
dmax. (FT)

AR

Q, (OR_THE TOTAL GUTTER FLOWS FROM BOTH SIDES OF THE INLET) (cfs)
W
O
LR
L1

o

®)
@

FIG. 5-13 rafter HEC-12)



Find: maximum depth of ponding (d X) for L, = 5 feet; 10 feet; and
15 feet. ma '
Solution:

1. Use Fig. 5-10 to check adequacy of the opening height to
maintain free fall in the inlet. For Q = 10 cfs, the requirements
are: Li = 15 feet, hm = 0.28 foot; Li = 10 feet, hm = 0.38 foot;

Li = § feet, hm = 0.56 foot. The opening height, 0.75 foot exceeds
the requirement for free fall for the three opening lengths and Fig.
5-11 can be used to determine depth of ponding.

2., From Fig. 5-11 the maximum ponding is:

Li 15 feet 10 feet 5 feét
0.41 foot 0.52 foot 0= 72/ foot
max
T 13.7 feet 17.3 feet 240 feet

3. The maximum depth of ponding at the curb opening/may be
exceeded in the approach gutter, particularly on low flows. The depth
of ponding in the gutter can be checked“at the point where the ‘gutter
slope is 0.002 by using Fig. 5-14.

For L, = 15 feet

i
Qi = 2 cfs
oy = 0.41 foot (stepf2)w/d = 0.3 Foot (Fig./\5-14).
The gutter depth for Q, is{less than“the ponding=depth at the inlet and
water will back up in %he gutterschannel.

Q2 = 8§ cfs

d oy = 0.41 foot (step 2), d ==0u5% oot (Fig. 5-14).
The gutter depth for Q,.'{s greater\than the ponding depth at the inlet
and the water profile “Ntends to\draw down on approaching the inlet.

For Li = 10 and 5 feet

dax 5-0-52 or 0.72\foot (step 2), d = 0.3 or 0.5 foot

The gutter depth for\both Q. and Q, is less than the ponding depth for
1

2
both 5-\and 10=foot. inlets and water will back up in the gutter on both
s jdeShof) the inlet:

Mladdition, toe, illustrating the use of the sag curves in Figs. 5-10 to
5=14 thié example shows the desirability of picking up most of the gutter
flow before it reaches the low point of the sag vertical curve. Spreads
on the pavement (T) and depths at curb (d___) noted in step 2 should not
be tolerated on a high-speed highway. * The more common application
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of the sag curves would be in designing curb opening inlets or their
spacing to keep the depth of ponding and spread on the pavement within
tolerable limits.

5.6.11 Spacing of Inlets in a Sag

It is desirable that three inlets be placed In a sag vertical curve:
one at the low point and one on each side of this point where the
grade elevation is approximately 0.2 foot (61.0mm) higher than that
at the low point.

As a result, the inlets in the sag of a highway must at times be designed
to remove the stormwater resulting from a large storm over the contribu-
ting area minus the flow intercepted by the inlets on the grade which

are designed to limit the spread of water to a tolerable limit. ( The
inlets on the grade will intercept a greater quantity of water du¥ing

the larger storm than the quantity used to determine their gpacing but
the spread of water on the pavement will exceed the spread designated

as the tolerable limit for design.

Because of the various combinations in which sag intets are used,
examples cannot be given to fit all problems encoudntered bysthe
designer. The example given will illdstrate the¢ spacing of\inlets

in a sag which is designed for a 50-year frequeney whengsthe inlets on
the grade are spaced for a 10-year\frequency.\ The preblem of sag inlets
designed for some other frequeney ean be s@lived withyawslight modifi-
cation of the procedure used _in the example. The.procedure can be used
for other type inlets whose ‘capacities! are knoan!

5.6.12 Example 5-5: Design of CuFb. ‘Opening\Inlets in a Sag

Given: high-type pavement (ns= %016) with two 12-foot lanes draining
into a 2-foot wide gutiter with vertical curb; grades -3% and
+3%, each 2170 feet Yong intersecting at Station 50. A 600-
foot vertical curve connecktsthe tangents. Pavement cross slope
S,= 0.03. Permissible spread on pavement, T = one-half traffic
lane or 6 feet Ntotal Spread is 8 feet including 2-foot wide
gutter); des\ign/fregleney is 10 years; time of concentration is
5 minuteS\ “The inlets’ on the grades are 10-foot long curb
opening, tnlets designed to limit the spread on the pavement to
6 feet at the 10-year frequency. The gutter is 2 feet wide and
the\depressjon Jis 2 feet wide and 2 inches deep.

Find: \size and (location of the three curb opening inlets in the sag.
The inlets=will be designed to limit the spread on the pavement
for a“b0ryear frequency storm to 6 feet.

Solutiont

1% The grades are symmetrical about the P.l. of the vertical curve
and only a half section need be considered. The first inlet is located
830 feet from the crest and successive inlets are spaced at 520-foot
intervals. The computations for peak flow arriving at the sag inlet at



Station 50 are given in Table 5-4.

2. The 10-foot curb openings are spaced (column 3) for a 10-
year frequency storm. An inlet of width opening to be determined, is
placed at the P.V.l. Station 50+00. The inlet at Station 49+40 is
placed where the grade elevation is about 0.2-foot higher than the
grade elevation at the P.V.I. A 10-foot curb opening is tentatively
placed here and the computations shown in Table 5-4 are made to deter-
mine the width of opening required in the sag. |If the sag inlet
opening is excessive, wider openings can be used at the 0.2-foot
higher elevation point. The spacing and width of opening on the
grades might require adjustment in some instances.

3. The runoff between inlets (column 10) is computed by the
rational method based on the 50-year rainfall intensity (column_ 9 )
during the accumulated time of concentration (column 8). Column 41
is the Q arriving at the inlet and consists of the Q_ (columh/\6)
bypassing the last inlet plus the Q (column 10) from“the area-betweef
inlets. On the grade, the spread on the pavements, T (golumn 13)dées™~hot
exceed the allowable spread, 8 feet which was based on\a/10-yeat
rainfall intensity. :

7 4. The discharge arriving at the  sag inlet( from both sides is
0.94 cfs (column 11). From Fig. 5-10\thiis Q would requife.the following
height of opening; Li = 15 feet, hm ="0.05 foot; Li = 0 _feet, hm = 0.07

foot; Li = § feet, hm = 0.10 foot?

5. The depth at the ‘Curb™for ap~allowablerspréad of 6 feet on
the travelled way is d = T/Z = 8/33+33.= 0.24oet. On Fig. 5-12 for
w= 2 feet, a = 2 inches and Q #N0'94 cfs;_ a l0-foot opening will carry
the flow with a depth of ponding\in the gltter (dmax) = 0.01 foot and

a 5-foot opening will carrylthe flow with & depth of ponding 0,06 foot.
The ponding with the 10~foot opening=~is less than the allowable (0.24
foot) and the 5-foot opening with (@ glear height at least (0.16 foot)
(step 4) is satisfactoryl

5.6.13 Conclusions

In designing a drainage ssystem with curb and gutter, the criteria
established #for cross _sleope of pavement must consider the effect of
cross slopeyor inlet efficiency. A composite section concentrates
more flow near theeurb and probably increases the inlet efficiency
as discussed earlier. Inlet lengths can be reduced greatly if Q./Q
is 0780 or less, and carry-over flow can be permitted. This is
especially effective when inlets are in series. The criterion for
spread shouldhnot be less than 10 feet (3.048m) unless cross slope is
very steép,jas’ the cost per cfs (m?/s) intercepted rises sharply as
spread “is Feduced.

5-43



-G 3749Vl

g¢-9 +d fzl-G *big M0 uojienby wouq Y ‘4 ¢ = 1

ng-§ *d ‘g-g a1qeLf(9) uo13enbl woiy €| (0D da= 0

SINSL1OD = T )10 = 91 "19) U g =

Z/L =71 "19) 13 8 = 1 XeW

9l “1O0™+ 0l "109)= 11 "19] a T _ @

6 "10d x [ "109, =)0l 103 €070 + = S

(LTg-9°d) 9-G "BII"Woa s €€°¢¢ =7 T€0°0 = S
(€1-2°d) [-27 B14 ueldy % 910°0 = U :uaA b uo paunssy
meNo.o S1 1004 2)1qnd BuUQ “wgy0fL 0 S! 100} duQ

Y€0°2 | Y90°0 | 7670 00 + 0§ "eas le |ejak
[y*0 | LT0 1°6 g €0°0| 80| %0°0 0°0 | Q9 05 %01 |00 + 09
“ITATd
02°0| #8°1L | 06°0 | %08 | #Z°0 [#0°C | 00°1 6 g 11080 #L°0 90 | 0%¢ 69 701 |O% + 6%
70°1 2€°T | 69°0 | 9T°L | Tzr0 [9€°€ | gT°¢ 6 S GZN0 | 870 1€£°0 0°¢ | 029 | 00°601|00 + [y
"I°A°d
80" 1 0%°2|69°0 1¢L| 2¢¢0|8y°¢ | gC'¢T L6 g 90 870 1€°0 0°¢€ | 029 | 09°HCL |08 + I
0Z°1 T | L9°0 | 6E°L TT°0 [797¢ | 49°¢ 16 9 | 040 | 800570 0. ¢ 0¢€g | 0Z°0%1{09 + 9¢
(91) j(al) | (o) j(e1) | (el) | (1) | (OL) (6) (8) | (£) [(9) 3= AS8) Gy (€) () | ()
(542) [ (s49) [ 0710 [ ("33) | (F33) [ (S42) [ (542) [*4A-0G | (rutw) | vd | 3 [(S®42e) | %50 4 24) | ("24) [uoiiels
20 10 *% 1 p 0 0 ¥ 21 v SpedjytIsiqd , .>w_m‘ 19|y

! < ’ =

(21'9°C HAVYHOVHVd NI 31dANVX3)

S137INI 9VS 404 SNOILVLNdWNOD

5-44



5.7 Inlet Grate Design Procedure

initially, hydraulic, structural and debris handling characteristics

of seven bicycle-safe grate inlets and one standard parallel bar grate
inlet were evaluated by the Bureau of Reclamation's Engineering and
Research Center for the Federal Highway Administration (Ref. 5-10).

The tests were conducted at cross slopes of 1 to 48, 1 to 24 and 1 to

16; and longitudinal slopes of 0.5, 1, 2, L4, 6, 9 and 13 percent with
gutter flows up to 5.6 cfs (0.1589m3/s). The grates were 2 feet (0.610m)
wide by 2 feet (0.610m) long and 2 feet (0.610m) wide by 4 feet (1.219m)
long.

Subsequent tests were made on selected grates in several other sizes:
1.25 feet (0.381m) wide by 2.0 feet (0.610m) long; 1.25 feet (0.381m)
wide by 2.67 feet (0.813m) long; 3 feet (0.914m) wide by 2 feet (0.610m)
long; and 3 feet (0.914m) wide by 4 feet (1.219m) long. Theseltests
were made for the same range of cross slopes and longitudinal/'stopes

as the original set of tests. The configuratior and dimepsions of the
grates which were tested are given on Figs. 5-15 to 5-20«jnclusive?

The grates were placed flush with the pavements in all Ynstancesd

5.7.1 Hydraulic Characteristics

For purposes of hydraulic analysis, iit¥s conyenient to £onsider the
flow intercepted by an inlet grateNas“ consisting of twe parts: (1)
frontal flow or that portion of\the 'intercépted flow=which passes over
the upstream front edge of thel grate, and (2) side,flow or that portion
of the intercepted flow which, passes over the e€dge/ of the grate parallel
to and away from the curb.

The hydraulic efficiency, E, ofsa\grate issdefined as the ratio of the
total flow intercepted, Qi ingefs, or m3/s to) the total gutter flow, QT
also in cfs or m?/s.

Ee=(Qp/Q e (5-6)

The percent of frontal iflow infercepted depends mainly on bar configura-
tion, grate lengthland«velogity=of flow. On mild slopes normally 100% of
the frontal flow Wil be intercepted. On steep slopes the higher velocity
flow may cause ‘the watepsto splash over the grate. When splash-over
occurs, only™a portion_ef ‘the frontal flow is intercepted.

The amount, of side\flow intercepted increases as the length of the grate
increases and 4t decreases as the velocity of flow increases.

For grates omal*continucus grade, the quantity of flow intercepted
fncreases as Jthe spread increases and for this reason, economy of design
usually fequires that a percentage of the approach gutter flow be
allowed, to" flow around the inlet and be subsequently picked up by down-
stream inlets or at the sump. The spacing of grate inlets on continuous
grades is therefore determined by the allowable width of water on the
pavement and the efficiency of the inlets.
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From the modified Manning equation for gutter flow it cgn be derived
that the ratio of approach frontal flow, QF in cfs or m”/s, to total
gutter flow, QT in cfs or m3/s, is:

Q 8/3
F_q. Y -
e [1 T] ......... (5-7)

where W is the width of the grate in feet or metres and T is the width
of water or spread (in feet or metres) on the pavement. This ratio is
equal to the theoretical efficiency of a grate inlet assuming 100%
frontal flow interception and no side flow interception.

Side flow may be considered in the above equation by substitutingran

effective width WE for W. The effective width WE in feet or metres’ is

equal to W plus AW where AW is the extra grate width (in féet, or metres)
which would be necessary for the inlet to have the same effichency without
side flow interception. AW is a constant for any given=longitudinal “siope,
cross slope, grate size and bar configuration. The equation for<estimating
grate inlet efficiency, Eo’ without splash-over is therefore:

E =1~ [ w%] 9 -~ (5-8)

o
This equation may be solved graphically using Fig. 5~21I%

Values of AW for the eight grate confilgurations tested may be obtained from
Figs. 5-22a through 5-29a.

The efficiency of the inletbunder §plash conditions depends on frontal

velocity and is computed by multiplying equation 5-8 by a reduction factor R.
Frontal flow velocity is the average flow'wehlocity of that portion of the
intercepted flow which passeg over the upstréam front edge of the grate.

Figs. 5-22b through 5-29b giver R as awfunction of V_ the average frontal flow
velocity in feet or metres‘per secondy JThis latter can be obtained by multi-
plying the average flow Welocity Nim, the gutter V (in feet or metres per
second) by the coefficient K ag given in Fig. 5-?5. The equation for computing
frontal flow velociityvis

- - 2 -
Ve = KV o= K(2Q,Z/TT) el (5-9)

in which Q. lis ) the tofal, gutter flow in cfs or m3s; Z is the reciprocal of the
cross slope;\T is the spread in feet or metres.

5.7.2.“Factor of, Safety

Grate inlets should be designed to allow for unpredicted hydraulic conditions
or partialypligging. The latter may considerably reduce inlet efficiency.
Grate lgndths longer than necessary for 100% frontal flow interception will
allow fon some debris accumulation. The grate length necessary to intercept
100% of the frontal flow is given in Fig. 5-31 as a function of frontal flow
velocity. |In this figure L' is the effective or unclogged grate length, which
is assumed in the design.

5-52



(b)) MV+EM=TIm

G'e 02 gl o'l

99

W
RGN

1

S3IAYND NOIS3IA L3ITINI I LVYHS

5-53

%3

FiG. 5-21



0.50

0.45

0.40

0.35 %

0.30 |it-

0.2%

Aw/L'

GRATE

INLET DESIGN CURVES

= <

e

e ¥

Ve

One foot is 0.3048m

0.20

Q.15 F

Fedt Pae f

0.10

0.05

g

So

FIG. 5-22 (a) 8 (b) Reticuline Grate.

5-54



GRATE

INLET DESIGN CURVES
1.0 s : ;
S S #
o o
7
& .8 >
S |
7 b :
N
‘?ﬁ!
6 gt Per Second |
6 7 8 9 10 ¥
Ve

One foot is 0.3048m

0.50
0.45
|
0.40
|
0.35f+
L
} 1
0.30f+
- ‘
~ }
=z
< o.25kHEnY
. =
0.20 w""-"i','..'.' 3 \
0.15
0.104=
P
0,015 R
~ 2y
T R =
o : niPercent
0 2 4 6 8 10 12 14
So

FIG. 5-23(a) & (b) 45° Tilt Bar Grate (2 1/4"cc)

5-55



GRATE INLET DESIGN CURVES

S

5 6 7 8 9 10
Ve

One foot is 0.3048m

0:50

0.45

0.40

0.35}

0.30}

I o s W B
5

0.25

aw/L'

0.20}

Faof

0.10 3

0.05 SRR e

FI1G. 5-24(a) & (b) 45°, 3.1/4" - 4" Grate

5-56



GRATE INLET DESIGN CURVES

©

6 Feet Per-Secon ;
5 6 7 8 9 10 I
Ve

One foot is 0.3048m

0.50

0.45

0.40}-

0.35

0.30

<
WA
s - et

0.25}

i

AW/L'

0.20}%

ft

FIG. 5-25 (a) & (b) 30° Tilt Bor Grate

5-57



GRATE INLET DESIGN CURVES

1.0 o

One foot is 0.3048m

0.50

0.45

0.40

0.35

0.30 it

o

ooty
i
3=t

0.20

0.15

g8t BBy F

0010 A

0705 ; -

FI1G. 5-26(a) & (b) Curved Vane Grate

5-58



GRATE INLET DESIGN CURVES

i RS
3 b
9 o £
>
o
© .8 .
7 N
6 _Q§JE§T&QD )
5 6 7 8 9 10 I
VF
One foot is 0.3048m
0.50
0.45
1
0.40
\
1
0.35 \
t
0.30F=Ek
3\
- \:
.
J o.25p
=z o
L] ’_ \
0.20 N e
ySims e S
Q.19
N\; o~
0.10 e
. SRA
b
0.05 : ok e
: s
o Srode Percentinim RRE kR,
0 2 4 6 8 10 12 14

FIG. 5-27(a) & (b) p-1 7/8"-4"Grate

5-59



GRATE INLET DESIGN CURVES

- dis

y.
/

6 7 8 9 10 T

One foot is 0.3048m

0.50

0.45

0.40

0.35F

0.30}

e

Bt

0.15 \

0.10

0.05 : : 3

/a

So

FI1G. 5-28(a) &(b) p-1 1/8" Grate

5-60



GRATE INLET DESIGN CURVES

1.0

Ve

One foot is 0.3048m

0.50

0.45

Il

11

0.40 |-H

0.35}

s
it

0.30

0.25 X

AW /L'

0.20 bw

Ou5

Q.10

0:05

FIG. 5-29(a) & (b) P-17/8" Parallel Bar Grate

5-61



20 4.0 8.0
Spread "T" (Ft)

FI16. 5-30 Spread vs. K (Frontal FlowVelocity Coéfficients).

Oneyfoot is 3.3048m

5.0 —

4.0

3.0}

Effective Grate Length— L' (Ft.)

0 2.0 40 60 8.0 10.0 12.0
Velocity of Frontal Flow (Ft. /Sec.)

FIG. 5-31 Minimum Effective Grate Length (Without Splashover).

5-62



The extra grate length needed will depend on site conditions, grate
type, frequency of maintenance, etc. 1t is recommended however, that
the design allows a factor of safety of 1.5 or more with respect to
grate length.

5.7.3 Selection of Grate Type

Grate type selection should consider such factors as hydraulic efficiency,
pedestrian and bicycle safety, debris handling characteristics and fabri- -
cation costs.

Fig. 5-31 compares the relative hydraulic efficiencies of the various
grate types. The parallel bar grate (P 1-7/8) is hydraulically superior
to all others but is not considered bicycle-safe. The curved vane and
the P 1-1/8 grates have good hydraulic characteristics with high velogity
flows. The other grates tested are hydraulically effective at Jlower
velocities.

Debris-handling capabilities as determined in the research, studies apé
reflected in Table 5-5. As stated in the record report ''The table $hoéws
a clear difference in efficiency between the grates with the 3-1/4Ninhch
(83mm) longitudinal bar spacing and those with smallet spacings. “n
general, the increased flow velocity atN\the 4% slope™é&sults_in, a higher
debris-handling efficiency. The efficiencies shown \in the table are
suitable for comparisons between the griate designs/testedsy Since the
debris testing procedure used in the™laboratoty was a gualitative attempt
to simulate field conditions, the Mdividual efficienches noted are no
indication of actual field performance. However, the grates which per-
formed best in the laboratory| tests wduld Be expetted to perform best under
field conditions also''.

Table 5-6 also from the referenced(research study (Ref. 5-10) ranks the
grates according to relative bicycle and pedestrian safety. Whereas
bicycle safety gratings were h@sed on a test jprogram, evaluation of pedes-
trian safety was arrived at subjectiveiy.

Since no single grate type\of thosel tested ranks highest in every category,
some trade-offs must belmade in selecting from the various grate types.

5.7.4 Example 5-6:
Given: QT = 3,50"¢fs; SO = ,5%; Z = 24; n = 0.016
24 x 48N "grated™inlet (30° - 3-1/4 - L) Fig. 5-17
Find: Intercepted flow, Q, assuming a) no clogging and b) only 60% of the

grate lengthNis effective due to clogging.

Solugsion:
V. Compute.T and VF
1an Z5/3 3/8 _ 3.5(0.016)(24)5/3 3/8 _
0.56 S, 0.56(0.045)
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AVERAGE DEBRIS HANDLING EFFICIENCIES
FOR TEST GRATES

Longitudinal Slope

Rank Grate Style .5% Ly
1 CV - 3-1/h4 - L4-1/4 Le 61
2 30 - 3-1/4 - 4 Ly 55
3 4o - 3-1/4 - 4 43 48
L P - 1-7/8 32 32
5 P-1-7/8 - & 18 28
6 45 - 2-1/4 - 4 16 23
7 Reticuline 12 16
8 P-1-1/8 9 20

TABKE 5-5,

RANKING QF. TEST GRATES WITH RESPECT
TO BICYCLE AND,REDESTRVAN SAFETY

Rank Grage\Style

1 P -1-4/8 - 4

2 Reticuline

3 p - 1-0/8%

I 450 BG3-1/4 - 4

5 45° "~ 2-1/4 -

6 CV - 3-1/4 - 4=1/4
7 30° - 3-1/4 - 4

i)

“(ds Angeles County Flood Control District, YEvaluation of Three
Types of Catch Basin Grates for Streets With Bicycle Traffic"
Systems and Standards Group, Design Division

TABLE 5-6
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K=1.18 Fig. 5-30

o= 2 K % Z _ 2(1.18)(3.502(2&) - 6.55 ft/sec.
T (5.50)

2. Determine Qi without clogging:

L' = 4.0
AW/L' = 0.07 (Fig. 5-25a)

Ve

E
o

R=1.0 (Fig. 5-25b)

W+ AW = 2.0+ 0.07(k) = 2.28 ft.

0.76 (Fig. 5-21)

E

EOR = 0.76(1.0) = 0.76

Q = 0.76(3.50) = 2.66 cfs

P T EQ

3. Determine Qi with 60% of the/length effeetive:
L' = 4(0.60) = 2.4 ft.

AW/L' = 0.07 (Fig. 5~253)
wE =W+ AW = 220 % 0.07(2 %), = 2.1/ t.
EO = 0.74 (Fig. 5-21)

R = 0.95 (Fig. 5-25b)

E = EoR = (0.74) (0.95) 0.70

Q. = E QT =%0+70(3.50) 2.45 cfs

i
Since the L-foot 'grate length) is about 45% longer than the minimum
grate length without splash-over (see Fig. 5-31); ard side flow inter-
ception is smalh, only @% WNght reduction in efficiency results from
the reduced efifective~length.
5.7.5 (Example 5z4:
T = BOvcfs; So = 3.75%; Z = 16; n = 0.016: F - 1-1/8"
grated inlet, Fig. 5-20

Givens, 0

Find: «Grate size required to intercept 70% of the cutter flow
assuming 60% of the grate length is effective.
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Solution:

1. Compute T and VF

olan2?”? } 38 [4.0(0.016) 16)%/3| 38, .
= 172 = /7 |T t-o% Tt
0.56 S, 0.56(0.0375)

K=1.15 (Fig. 5-30)

2KQZ _20.15) (50 (16) _ ¢ a1 £y ecc.

Vv =
F T2 (4.64)2
2. Determine WE required
EO = 0.70
WE = 1.70 ft. (Fig. 5-21)

3. Determine the required grate length from Fig.(5228b with

6.84 ft/sec.
1.9 ft. Therefore, theyrequired grate length’ is

Ve

L.
i

1.9/.60 = 3.17 ft. oMapproximately 38'".

L. Determine the grate wWidth, W, based on L.
From Fig. 5-28a with's = 3.75% and z(=)16, AW/LY = 0.12;
therefore, AW = 0.12(1%9)= 0.23/
W= 1.70 - 0.23 = .47 (say 18")
A P-1-1/8 grate,\18" widel and)38" long is required.

5.8 Hydraulic Design of Condulit)Systems

Closed conduits(should be desggned for the full condition. They may be
designed to operate under pressure so long as the hydraulic gradient

is below thewintake Llipyof any inlet which may be affected. As a rule
of thumb,~0N75 feet, lis Jan acceptable allowance. Provision should be
made in accordance‘with the recommendations herein, for energy losses
at bends, manholes\or junctions and at transitions.

I'm the desigm and analysis of closed conduit storm drainage systems,

it should be )recognized that the hydraulics involve two basic types

of flow (depending on whether the conduits flow full or part full. At
designtdischarges, sewer systems with full flow operate under pressure.

Some parts of some storm drain systems flow part-full even at design

discharges; velocity in such instances, is usually greater than critical
velocity. Segments of the system function as an open channel with rapid
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or shooting flow and the analysis should be made using the principles
of open-channel hydraulics.

Chapter 2 of Ref. 5-11 clearly describes the principles of flow in
open channels with especially good discussions of energy of flow,
uniform, non-uniform and critical flow. The illustrations and dis-
cussion are quite clear concerning the non-uniform flow conditions
in a conduit where subcritical (slow velocity-full) flow on a mild
slope changes to supercritical (fast velocity part-full) flow on a
steep slope. This set of circumstances is one of the very few under
which an open channel condition can arise within a drainage system
which otherwise operates with full conduits or pipes.

In comparison with the computations required for exact analysis .of
the hydraulics of open channels, it is relatively easy to analyze
conduits or pipelines flowing full. The mean velocity for the\latter
is always the discharge divided by the area of the pipe. Friction
slope, velocity transformations, curve losses and heads at juhction
chambers can be determined as discussed elsewhere hereififpzwith more
accuracy than is justified by the precision of the present knowledge
of the rates of runoff. Most methods of design organalysis involve
the computation of the elevation of the‘energy line or the hydraulic
elevation (water surface). The energy/hine is. onejvelocity ‘héad
above the hydraulic elevation or pressure line“and the oply advan-
tage one method might have over pheyother dépends upon which elevation
is most useful in design and checking. Jt s recommended that the
most useful elevation at inlets,)manholes.and jun€tiens is the actual
water level or hydraulic elevation. _Ih the fewhinstances where know-
ledge of the energy gradient is desirable, itscan'be found by adding
the velocity head to the hydraulicefdevation.\Mf the design criteria
specify a maximum velocity to bé& ‘wsed in desVWgn, most cases requiring
knowledge of the energy grade(gan be taken.care of by the amount of
freeboard or hydraulic depth spéecified.

5.8.1 Downstream and Upstream Contrdl

For open-channel portions of urban highway drainage systems, the
designer should knew “that the depth in a given channel may be influ-
enced by conditions either upstream or downstream, depending upon
whether the slope is stéep «(supercritical) or mild (subcritical).
Fig. 5-32 sketches thesdefinitions of the hydraulic terms. Critical
depth, dc, 15" the depth’ of flow at minimum specific energy content

(Fig. 5-32B) and/ it “tan readily be determined for the commonly used
chapnelsections. It depends only on the discharge and shape of the
chanfiel ‘and _is jindependent of the slope or channel roughness.

Criticalfolope is that channel slope, for a particular channel and
dischatigey’at which the normal depth for uniform flow will be the
same as ‘the critical depth.

Points on the left of the low point of the specific head curve (Fig.

5-32B) are for channel slopes steeper than critical (supercritical
or steep slopes) and indicate relatively shallow depths and high
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velocities (Fig. 5-32A). Such flow is called supercritical flow
and the depth of flow at any point is influenced by a control
upstream, usually critical depth. A change in channel shape, slope
or roughness cannot be reflected upstream except for very short
distances. However, the depth of flow at downstream points may be
affected. Hence the flow is said to be under upstream control.

Points on the right of the low point of the specific head (Fig. 5-32B)
are for slopes flatter than critical (subcritical or mild slopes) and
indicate relatively large depths with low velocities (Fig. 5-32C).

Such flow is termed subcritical; the depth at any point is influenced
by a downstream control which may be either critical depth or the watex
surface elevation in a pond or larger downstream channel.

Critical depth is an important value in hydraulic analyses because)it
is a control in reaches of non-uniform flow whehever the flow ‘changes
from subcritical to supercritical. Typical occurrences of ¢ritical
depth are: (1) entrance to a restrictive channel, such aé a culvert
or flume, on a steep slope; (2) at the crest of an overflow dam or
weir; (3) and at the outlet of a culvert or flume discharging with

a free Tall or into a relatively wide channel or a.pond in which the
depth is not enough to submerge critical, depth in“the culveftyor
flume. Flow that varies in depth and yelocity,along the chanfiel is
called non-uniform.

5.8.2 Velocity Head

Velocity head is a quantigy pwoportional to thezkipetic energy of
flowing water expressed asya heightor) head of\water. Consider a
stream of water flowing with a,discharge of Q cubic feet per second
(cfs) at a velocity of V feet per Second Afps), weighing w pounds
per cubic foot. Its kinetic @nmergy (KE) ‘pen unit of time At, is:

r)owigrac vy . (5-10)
The potential energy {PE) of a_fiow can be expressed by:
RE"= Qwh At Lo (5-11)

where h is the ‘hefght ompetential in feet.

Combining™these eguations:

(172)0(w/g) At V2 = Qwh At eevennnn. (5-12)

frow which
h=v%29 . (5-13)

In the'metric system these equations become:

KE = 1/2 QpAt V2 Lo, (5-14)
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PE=QPgAth ... (5-15)
in which # is the density of the water.
Velocity head is the height through which water would have to fall
freely to attain the velocity V; conversely, it is the distance it

would rise due to its own momentum.

5.8.3 Pressure Head

Pressure head is the height of a column of water that would exert
a unit pressure equal to the pressure of the water.

5.8.4 Manning's Formula

As with all movement, the free flow of water cannot occur without

friction. To move water in conduits, the force of gravity is/used
to overcome friction by the simple expedient of building the *drain
on a grade; the water then moves down the grade. The velogity at

which water will travel through a sloping conduit or open/ channel

is given with practical accuracy by Manning's formulag

v = (|</n)R2/3sO'/2 JUUTA © M (5-16)

in which
v = velocity in feet per/second or(metres peri second

K = constant of proportionality3i1.486 for English units, 1 (one)
for metric unitsy

n = friction coefficient ¢depénding upen material and construction
of drains.

R = hydraulic radius or‘area of (conduit divided by wetted peri-
meter; for fullecircular pipe:' R = D/4

So = slope of pipe’in feet pers/foot or metres per metre.

5.9 Guidance for Roadway Drain.Pipe Location

5.9.1 Location ‘and Alignhment

Longitudinal drains for the collection and disposal of roadway drainage
shouid not be plaged, under the travelled way. Whenever a location under
the shoulder is mecessary, manholes should be located outside the
shoulden.

5.9%2 Manholes

(d) General Notes: A manhole consists of a chamber at the bottom
large enough for a man to work in and a shaft which provides access
directly from the surface; limited usually to the intersection of small

pipes.
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(b) Location: Common locations for manholes are: where two or
more drains join; at intermediate points on long tangent pipe runs;
where the conduit changes in size; at sharp curves or angle points
in excess of 10 degrees; points where an abrupt change in grade occurs
and on the smaller conduits at the downstream end of a sharp curve.

Manholes are not required if the conduit is large enough to accomodate
a man, unless access or ventilation criteria govern. Manholes should

not be placed within the travelled way. Exceptions are frontage roads
and city streets, but intersection locations should be avoided.

(c) Spacing: In general, the larger the conduit, the greater the
manhole spacing. For pipe diameters of 48 inches (1.219m) or more_ or
other shapes of equal cross-sectional area, the manhole spacing rahges
from 700 to 1200 feet (213 to 366 metres). For diameters of less than
L8 inches (1.219m) the spacing may vary from 300 to 700 feet (91)to
213 m). In the case of small conduits where self-cleaning velocities
(usually at least 3 fps (0.914m/s) flowing full) are unchtainable,  the
300-foot (91m) spacing should be used. With self-cleaningvvelocities
and alignment without sharp curves, the distance between.manholés
should be in the upper range of the above limits.

(d) Access Shaft: For drains le§sythan 48(inches (1.2%9m) in
diameter, the access shaft should be \cehteredr'over the axis of the
drain. When the drain diameter exceeds the%shaft diametet, the shaft
should be offset and made tangent to onegside of thé“pipe for better
location of the manhole steps!, For drains/48 inches\(1.219m) or more
in diameter, where laterads_enter fromboth sides(of the manhole, the
offset should be toward the side of (the smaller lateral.

Commercial precast pipe shaft manholes apezeffective and more economical
than cast-in-place shafts. Bfirick manholes.may be used in reconstructing
or relocating existing facidities.

(e) Arrangement of”katerals: Té avoid unnecessary head losses,
the flow from laterals which discharge opposite each other should con-
verge at an angle jn\the direction of flow. If conservation of head
is critical, a training wald should be provided.

5.9.3 Junction\Structures

A junctiofANstructure\is an underground chamber used to join two or more
large conduits but“does not necessarily provide direct access from the
surface., It is ‘designed to prevent turbulence in the flow by providing
a smooth transition. This type of structure is usually needed only
where’ the trunk drain is 42 inches (1.067m) or more in diameter. Where
access is. kequired by spacing criteria, a manhole should be used.

5.9.4 "Pipe Diameter

Unless specified in the standards of the particular highway department
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involved, any pipe wholly or partly under a roadbed should be a
minimum diameter of 18 inches (0.46m). Elsewhere, trunk laterals
and inlet connections should be a minimum of 15 inches (0.38m) in
diameter.

5.10 Hydraulic Losses in Storm Drainage Design

5.10.1 Losses or Pressure Changes at Storm Drain Junctions

Hydraulic grade line computations must account for all pressure changes
required to convey the stormwater to the disposal locations. In
addition to the principal energy involved in overcoming the friction
in the full closed pipes, a not inconsiderable amount of energy is
required to take care of the so-called minor losses which occur at
changes in direction of flow and turbulence due to introduction.of
additional flows at inlets, manholes or other junction structures.
Data concerning the performance of manholes and junction structures
has been extremely meager in the past and designs have thérefore
been based on rather arbitrary procedures. |In the literature, the
sole extensive study has been one sponsored in the latenl950's by
the Missouri State Highway Department, the Federal Bureau of Rublie
Roads (now FHWA) and the University of Missouri Efgineering/Experi-
ment Station (Ref. 5-12).

For large pipes or conduits (tooslarge to bé& brought together in the
usual 48-inch (1.219m) diameter. manhole) s~hydraulic/analysis of the
junction requires the evaluation)of pressures andsmomentums at various
locations in the junctiontw.les Angelés (Ref. 5%13) has evolved a
mathematical derivation whifch has simplified these calculations.

The head loss, hj (feet or metres) at a junction is computed as follows:

hj = Ay + hv] = hv2 ......... (5-17)
with
hv] = upstream velocity head, feet or metres
hV2 = downstream/velocity head, feet or metres

Ay = chafge) in hydraulic grade line or water surface through
theNjunction\in, feet or metres.

The genend@l ‘formulas forAy is as follows:
Q2V2 - Q]V] - Q V3 cos@

- 3 -
Ay = (]/2) (A] T Az)g ..... (5 ]8)
inswhvich
Q], Q2 and Q3 are the discharges in cubic feet per second (or

cubic metres per second) at the upper end, the outlet and the
lateral of the junction chamber, V], V, and V_ are the velocities

2 3
in feet per second (or metres per second) respectively at the

upper end, the outlet and the lateral. A] and A2 are the cross-

sectional areas of flow in square feet (or square metres) at the
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upper and lower ends of the junction chamber. And g is the gravi-
tational constant, 32.16 feet per second per second (or 9.8024
metres/sec/sec). The angle® is that between the axes of the
outfall and the lateral.

Fig. 5-33 shows in plan and profile, sketches of junctions for a
rectangular open channel, a circular open channel, both without
transitions; and for the same two types of cross-section under
pressure; also similar sketches incorporating transitions at each
end of the junction.

The Los Angeles analysis has been confirmed as to its accuracy by
"numerous model tests conducted over a period of several years at
the Experimental Hydraulic Research Laboratory of the Bureau of
Engineering' of the City of Los Angeles. The general formula shows
that ''regardless of the shape of the conduit, the summation of afll
pressures acting at the junction, ignoring friction, is equal\to
the average cross-sectional area through the junction, multiplied
by the change in the hydraulic gradient through the jupetion' (Ref

5-13).

The original reference (Ref. 5-13) gives ''sample problems and ‘their
solutions, illustrates the use of thefgeneral formula in determining
the hydraulic changes at a junction'i “And it!'in€ludes/Pl) the
derivation of the general formula“™or both «xectangularvand circular
conduits under open flow and pressure flowhconditionsw{2) the
determinations of the control(paints for,stbcritieal, and supercritical
flow in open channels, and (38) the solution foh the*hydraulic grade
of the lateral under pressure flow ¢onditions'',

5.10.2 Losses at Junctions of\Several Flews.in a Manhole

The computation of the lossés@in a manhole*with several entering
flows utilizes the principledof theaconservation of energy, involving
both position energy (elevation«ofl water surface) and momentum energy
(mass times velocity_heé&d). Thus) for a manhole with several
entering flows, the 'energy content of the inflows is equal to the
energy content of<«the outflews plus the additional energy required

by the collisjon and turbulence of the flows passing through the
junction manhole™ In seme,circumstances, some of the entering
velocity hedd, is converted to a position head and a recovered head

is noted,

The total energy @t the sketched intersection is as follows:

QD Qu
y
R o (1 +v 220)=0, (H 4V, 2/2g)+Q (H +V 2/2g)-H Q +H 0
K Y o' 0 O s LYL L 9 Uu u u g L DD
L
(5-19)
Vo Qo
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Assume no horizontal velocity for water dropping directly into
manhole.

Assume water surface in manhole to be level: HL=Hu=Ho

Assume H = 0.7 VLZ/Zg for 90o change in direction.
In the foregoing equation, the symbols have the following meanings:

Qo, QL, Qu and QD are discharges in cfs (or metres per second) in the

outlet pipe, the lateral inflow pipe (at 90o with the outflow pipe),
the in-line upstream inflow pipe and the vertical dropped-in flow

from an inlet. Vo’ VL’ Vu and VD are the horizontal velocities of

the foregoing flows, respectively, in feet per second (or metres p€Fr

second) ; VD is assumed to be zero. Ho’ HL and Hu are the water €le=

vation at the manhole ends of the outlet, lateral and in-line (flow
pipes; for these computations these are all assumed to be the'\same.
H is the loss in head chargeable to turning the lateral inflow
through 90° and imparting the requisite outlet velocity~to,it.

2 2 2 2
QO(HO+VO /29)=HL(QL+QU+QD)+QLVL /2g+quu /2g-047 QLVL /2g . .. (5-20)
divide through by Q_=Q +Q *¢y .. \“ A~ @, ..... (5-21)
H +V 2/2g=H +(q, /0.) (0.3 v, Z/28)+(a /& YV 2/29) (5-22)

o o L L’ “o : L u el Tu S TAY e
H -H =V 2/2g-(q, 70.) (0.3 v, 2724110 /0 ) (V."4/2g) (5-23)

L o Vo /49 L? o ' L g u “o u g e

which is the change in the hydfaulic gradé”at the manhole (or loss due
to the change of direction of flow, expansion and contraction, collision
of flows, etc.).

In determining loss at\a manhole,\assume that no velocity head of an
incoming line is gfeater than, the velocity head of the outgoing line.

Also assume losses’ for changes in direction of less than 900 to be
as follows: :

90o 0.7 Vz/Zg of velocity of water being turned

45° 273 of 0.7 V2/2g

o

30° 1/2 of 0.7 vV%/2g

Fig. 5234 plots these values making it easy to select the appropriate
coefficlhent for other angles.

When losses are computed for any manhole condition for the same or a
lesser number of inflows, the above equation will be used with zero
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/
/
Manhole
Vi
H =K5—
L 29
VL = Velocity of flow in lateral in f.p.s.
g = Acceleration due to gravity, 32 ft/sec./sec.
H_= Feet of head lost in M.H. due to change in
direction of lateral flow.
K = Factor from graph.
= 4%
L 2
©
One foot is 0.3048m =
/
]
ol
©
5
=
e
Ve
0 A .2 3 .4 .5 7

' Factor K

FIG. 5-34 Loss 'in manhole due to change in direction of flow in lateral.
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quantities used for those conditions not present.

If more directions or quantities are at the manhole, additional
terms will be inserted with consideration given to the relative
magnitudes of flow and the coefficient of velocity head for
directions other than straight through.

The only condition of flow to which the equation fails to apply is

for two almost equal and opposing flows and no others, meeting head

on with the outlet direction perpendicular to both incoming directions.
In this latter case, the head loss is considered as the total velocity
head of the outgoing flow.

Turn losses in a manhole or junction chamber for combining large
flows can be minimized by setting flowline elevations so that pipe
centerlines in the manhole will be approximately in the same plane,
thereby reducing spiralling of the combined flows and partidlly
balancing opposing moments.

Turn losses may be minimized by reducing the angle between an inflow
line and its outflow line or by so inclining two inflow lines with
respect to their outflow line that, in ‘a momentum «or\wector sdiagram
of flow times velocity for each line,(the*directiion*of the resultant
will be parallel to the direction, of \the ocutflow *¥ine and>the longer
vector will make the least possible, angle with, the restltant. This
possibility should be examined during the_preltiminapy, Vlocation of
lines and consideration given (toyit if pessiible o practical within
the limits set by other gove¥ning requirements.

5.10.3 Head Loss Due to Curves

Curve loss in pipe flow is thewadditional head required to maintain
the required flow because off curved alignmert and is in addition to
the friction loss of an egual lengthwof Straight alignment. Such
additional head requiredybs a function jof the bend or curve radius

(R_ in feet or metres) ,(the pipe\didmeter (D in feet or metres) and
the angle through whichythe behd\turns. There are meager experi-
mental data on bend Yosses jn\large pipes but the Bureau of Reclama-
tion (Ref. 5-14) has plottedvas Fig. 5-35, the coefficients found

by various inveéstigators«for 90° bends of small diameter pipe for
various ratios of radius of bend to diameter of pipe; there has been
added an (adjusted*curve' assumed to be suitable for large pipes.
Asopart (B) 'of Figh 5-35, there are suggested factors by which the
90~ coefficient Should be multiplied to give the corrected coefficient
forsan angle of“bend other than 90°. The curve or bend loss is
obtalined by multiplying the velocity head, v2/2g, of the flow in

the "curve by jthe coefficient taken from Fig. 5-35. Note that for

Ry /D of @bout’6 or greater, the'90o coefficient is 0.07. The studies
at the'Bureau of Standards (Ref. 5-18) by Beij (referring to several
of the same investigators reflected on Fig. 5-35) for 90° bends
indicate a progressively smaller coefficient K, as Rp/D increases;
and a significant influence of the pipe roughness on the coefficient.
This latter is supported on Fig. 5-35 by the two curves reporting
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AUTHOR |PIPE | NOTES |SYMBOL| AUTHOR |PIPE| NOTES [SYMBOL
Lot Alexander | 125" -—o—-[pavis 5" R
Baich 3" Hofmann 17" |(smooth) |~ 2"
Beij 4 -—=—-|Hofmonn | 17" | (rough) |--—+—
Brightmore | 3° — %~ ~| Schoder 6" oo 0mee
0.8 - -
; Brightmore | 4' — - Vogel 6" ——e— |
HL Davies 4 |(square)f o[ vogel | & -
- [
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FI1G. 5-35 Bend Loss Coefficients (After Bureau of Reclamation)
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Hofmann's work; the smooth pipe values are roughly one-half those
for the rough pipe. The Bureau of Reclamation's ''adjusted curve'
appears to represent smooth pipe for its range of Rb/D.

5.10.4 Transitions

In small sewers, transitions may be confined within the manhole.
Special structures may be required for larger conduits. The head
loss, h_, at transitions for pressure flow is computed as shown

on Fig. 5-36. If the top and floor slabs expand or contract at

a rate different from that at which the side walls expand or
contract, the head loss is based on the condition which produces
the greater loss. |f the rate of contraction or expansion is not
symmetrical on both side walls, the head loss is based on one-half
the total expansion. Where an obstruction is to be cleared and.the
conduit is to be transitioned and then returns to a normal section,
a transition loss should be attributed to both ends, upstrean/and
downstream. Transitions at each end of a junction chambef should
include the transition head loss with the junction headsrtoess.

For transitions involving open-channel flow, the formulas differ
depending on whether the flow is subcritical or supercriticgly
For the former, Hind's equations (Ref{ /5=15) basedjon his experi-

ments are: V]Z sz
Contraction: h = 0.10 (~§—-- EE—-) ........... (5-24)
) 2 v 2
Expansion: ht = 0.20 (Eé—-- Eé— ) cevieeneen.(5-25)

The head loss at transitions fofr, open-channel supercritical flow is
computed by equations basedton™~Gibsonls experiments on enlargers
as follows:

2
Ve )
Contraction: h = 0.10 (N2 ceiereren..(5-26)
t 2g o
(Vz'vl)
- N 0720 A
Expansion: ~hy\= >3 e, .{(5-27)

In these equations, h, dis“the transition head lToss in feet or metres;

V] is the velocity of flow in feet or metres per second in the

larger cross-section;*V, is the velocity of flow in feet or metres

2
per second in thelsmaller cross-section; and g is the gravitational
constant’ 32. W6 ft/sec/sec (9.8024 m/sec/sec).

A, summary Jof<transitions is shown on Fig. 5-37.

The design of high velocity open-channel transitions is different for
expansion than it is for contraction. An expansion transition is
designed to retain flow against the side walls to prevent cavitation.
A contraction transition is designed to minimize wave disturbances.
For design of high velocity transitions the reader is referred to
Ref. 5-13.
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SUMMARY OF TRANSITION STRUCTURES

TYPE FULL CLOSED CONDUIT FLOW

FREE WATER SURFACE FLOW
V<20 V=20 V<20 vV =20
Straight walls | Straight walls | Straight walls | Curved walls
Expansion Ratio — 5:1 Ratio —10:1 Ratio — 5:1
to 10:] to 20:| to 10:1
Straight walls | Straight walls

: Straight walls | Straight walls
Contraction Ratio — 5:1

Ratio—10:1 Ratio— 5:1 Sz
to 10:1 to 20:| to 10:1 G
Obstruction See Cases I and II below

For head losses at transitions, see Ritguereicv-36
and Subsection 5.10.4

TRANSITIONS TO AVOID OBSTRUCTION

Suberitical Fiow

’ Ripe Obstriction
Box O’§ E_O Box
A, < A é { —3 éA %
—2 =1 A, A, I Invert) A,
Invert3i

Az = A,

A,§ —
A, : Warp roof

Warp roof T T T T. to clear
to clear A JPROFILES obstruction
obstruction = N

- =) T‘T\ Flare side-

, 4 L walls to

sets (Y ||
g Vo Lo cross-sec-

: 11— tional area

< PLANS <
L, Ly
CASE I CASE IT

Use Case I whenever practical. Design transition length and width
to“maximum allowable head loss. See Subsection 5.10.4 for head loss
determination when sidewalls and top slab both expand or contract.

FI1G. 5-37 (From Los Angeles Standards)
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5.10.5 Hydraulic Grade Line Computations

The foregoing methods of calculating pressure changes or '"losses'

in storm drainage design are recommended and considered to be satis-
factory. 1t is of prime importance to recoghize that such losses

do occur and allowances for them should be made in accordance with
best engineering judgement.

The hydraulic grade line is a line coinciding with (1) the level

of flowing water at any point along an open channel, or (2) the
fevel to which water would rise in a vertical tube connected at

any point along a pipe or closed conduit flowing under pressure.
For a proper design, the hydraulic grade line should not rise above
the limiting line determined by the required hydraulic depth below
the design reference line; and, in the interest of economy, nejither
should it fall too far below it. Under this condition, hydraulic
losses affecting the hydraulic grade line cannot be ignored‘'but
should be evaluated with as much care and judgement as poessible.
This requirement becomes of increasing importance as the“required
hydraulic depth is reduced and the hydraulic grade Line“is per-
mitted to approach the ground surface,.since floodjinghecan be
expected at more frequent intervals for ‘smaller than for lafger
depths.

The hydraulic grade line should be ‘computed tovshow its elevation

at inlets, manholes and junctien‘points of filow in Pipes, conduits
and open channels, and should brovide, forwthe losSes“and differences
in elevations as requiredtherein. Sjinee it is/based on design flow
in a given size of pipe, conduit or channel, dt.i's of importance in
determining minimum sizes of pipes/within narrow lTimits. Sizes
larger than the required minimum, provide @xtra capacity which will
be available only to the extehtythat losses” have not been disre-
garded.

The hydraulic grade line”is affected/by friction loss and velocity
head transformationsgsandlossess

Friction loss is.the 'head reguired to maintain the required flow
in a straight%alignment against frictional resistance because of

pipe or channel “wroughne§s, 41t is determined by the equation
hf = x s
hf = difference in surface elevation or head in feet

or metres in length 1

1l

length in feet or metres of pipe or channel

hydraulic slope required for a pipe of given
diameter or channel of given cross-section and
for a given roughness ''n'' expressed as feet or

metres of slope per foot or metre of length.

7]
]
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From Manning's formula:

2
vh
s = |1 (5-28)
[ k r2/3 ]

s is the hydarulic slope and not necessarily equal to the flowline
slope except under certain conditions.

1.486 for English units, one (1) for metric units

hydraulic radius of pipe, conduit or channel

v = velocity of flow in feet per second or metres per second
n = Manning's value for coefficient of foughness
Use n = .013 for pipes of concrete or vitrified clay
n = .012 for formed monolithic concrete
n = 0.15 for concrete lining in ditch or channel ipverts
n = .016 for concrete or grouted riprap lining\on ditch or

channel side slopes.
n = .02L4 for corrugated metal pip&, 2-2/3" X»1¥2" corrugations
n = ,027 for corrugated metal «pipe, 3" x' W corrugatwions
n = .031 for corrugated metaI\pipe, 6N Xv2' coprugations

n = .025 for trimmed earth _side slopes in_chahnels with lined
inverts.

n .030 for straightened,_ uplined channels.

""" will have a weighted value “for partially*lined channels.
5.11 Example 5-8:

5.11.1 Description

Route 340 in suburban.St. Louis County, Missouri, crosses a small valley
at Station 205+95. as 'shown on Fig. 5-38a, with -1.30% and +1.83% grades
resulting in a,sump at the center of a 200-foot vertical curve. As
Fig. 5-38 shows» grated inbets catch the runoff in curbed gutters at
Station 204400 and at™the gutter sumps at Station 205+78.1. In
additiony sodded ditches intercept the runoff from the drainage area

to thegsouth of ghezhighway and these ditch runoffs are collected by
grated.inlets Yi\n (the ditch at 204400 and at the low sag at 205+95.

Thel yunoff from ‘the inlets on the south edge of the highway is then
conveyed updersthe highway where the north side inlets are picked up
and the accumulated runoff discharged into a small natural watercourse.

The dralinage areas as to size and distribution between impervious and
pervious are listed in the computations of Table 5-7. The traversed
area is suburban in character and its zoning indicates residential
apartments assumed to result in 70% imperviousness. It is found most
convenient for tabular computations to list the pervious, impervious
and total tributary areas separately.
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The rational method is to be used and the assumptions are made that
the coefficients of runoff will be 0.30 for pervious areas and 0.95
for impervious areas.

The frequency of rainfall to be used in the rational formula is
assumed to be that with a once in 10-year recurrence interval and
an initial concentration time of 5 minutes. The rainfall duration-
intensity-frequency curves for the St. Louis area are shown on Fig.
2-4; the 5-minute 10-year rainfall rate is 7.2 inches per hour (or
cubic feet per second per acre).

In addition to the plan view of the design problem, profiles of the
proposed collecting drains, Fig. 5-38b, are necessary. These give
essential information concerning among other things, the probablg
practical construction slopes of the pipe reaches. In generalg~cen-
struction slopes almost parallel to the general surface grades will
prove to be practical. Short connections can be constructed(to any
practical grade. Initial choice of pipe size for each réach can bg
guided by the available surface grades, recognizing that §if the full
velocity of a chosen pipe is high, the head allowanges or losses \in
manholes, inlets or other junctions will be correspondingly high.

5.11.2 Design Computation Table

Having located the proposed storm\drainage,facilities\and prepared
profiles of the collecting system, it is(next desirable to fill in

a table of design computatiofis“such as, shewn in Table 5-7. In pre-
paration for this table, the.design poiwts In & drainage system must
be numbered in some systematic fashien. Since ‘the rational method
will be the most frequent usedg¢ N t{is suggested the numbering start
at the uppermost inlet, manhole “or junctionychamber and progress
sequentially downstream from désign point “to design point (Fig.
5-39). At each junction point the sequence picks up the branch or
branches before proceeding down the*main trunk drain. |t has been
found helpful to place(the desigmpeint number inasmall circle close
to the design point;(such encireled numbers are easily seen on plan
or profile.

The table 5-7%can _be filled out as follows:
Columns P, 2 and 3:%from the plan and profiles
Celumn 4: Jndicates what type of structure the upper design number
refers to; i.e. manhole (MH), grated inlet(G), curb
opening inlet (C), junction chamber (J.C.), etc.
Columns“5, 6, 7, 8: the acreage tributary at each design point
broken down into pervious and impervious and

given as ''added" or '"total'.

Columns 9,10: the unit runoffs in cfs per acre for the pervious
and impervious total areas.
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At the top of columns 9 and 10 should be noted the percentages
assumed for pervious and impervious areas respectively. The

values placed in these columns represent the product of the appro-
priate '"C" value and the rainfall rate in inches per hour
(considered equivalent to cubic feet per second per acre) for the
time of concentration in column 19 and the assumed design frequency.

Columns 11,12 and 13: the total runoffs as determined by
multiplying the figures in columns 6 and
8 by their appropriate counterparts in
columns 9 and 10. Column 13 is the sum
of values in columns 11 and 12.

Column 1h4: insert first estimate of probable pipe size. Use
existing surface grade and desirable velocity rafige
in guiding judgement. Assume an n value of 04013«

The principal reason for this initial estimate of pipe size "is)to
determine probable velocity in the pipe reach and hence time of

travel to develop the sequent time of concentration and hence design
rainfall rate. The flatter the area, the more desirable™it is_ toykeep
pipe velocities as low as practical to<ensure minimum ‘head losses In
structures.

Column 15: the friction head required for\the reach” js computed
by multiplying\the Mength,ofy teach (¢olt 3) by the
required hydraulNic slope (col. 21)«

Columns 16, 17: usingythe totald”runoff of column 13 and the
: estimated pipe‘size of 6olumn 14, determine the
probablie ¢velochty andy\velocity head, V2/29 and
place in_celumns 16 and 17.

Cotumns 18, 19: with the length‘ofsreach in column 3 and the
velocity in ¢o6lumn 16, determine the time of
tlravel insthewreach in minutes (col. 18) and
the accumulated time in minutes (col. 19).

Column 20: the construction slope will be firmly established
late in the actual design procedure and will be
entered Ninhthis column.

Column\21: the, required hydraulic slope can be calculated from
thesManning formula or obtained from a nomograph of
the Manning formula.

Colump22% this column is reserved for the amount of head (or
depth of water) required to take care of the energy
required to transfer the flows through the manhole,

inlet or junction chamber. |t is calculated on
separate computation sheets which will be described
later.
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Columns 23, 24: hydraulic elevations at the upper and lower ends of
each reach are entered here and will be determined
as discussed later.

Columns 25, 26: flowline or invert elevations are determined after
satisfactory hydraulic grades have been established.

Generally, these construction elevations should have the crown (upper-
most elevation inside the pipe) at or below the hydraulic grade line.
Where the crown is above the hydraulic gradient, the pipe will not
flow full and computations for part-full pipe flow will have to be
made with consequent adjustments to the hydraulic grade.

Column 27: the finished grade elevation at the upper end of the reach
should be entered here. This will be the top of manhole,
top of inlet grate, flowline of gutter or other peftinent
finished grade.

Column 28: any pertinent, very brief remarks may be entered here.

5.11.3 Curb and Gutter Hydraulics

Concomitantly with the development of sthevforegofing “table, there should
be a study of the proposed inlets_ to'déterminedtheir typefs), capacities
and the curb and gutter characteristies. The'example has=b6-inch high
vertical curb and gutter with a‘cross slopé, of 1/4-inch.per foot with a
longitudinal slope from the westqof 1.30%. 9The following details the
calculations of gutter flow depth and’pread toward crown for inlets

2 and 7. The nomograph, Figi»5-1, faciliitates (these determinations.
Fig. 5-14 is also helpful. | For grate~inletsain, sumps, Fig. 5-40 is
useful; for curb opening inletsyin“sumps, _figs. 5-10 through 5-13
inclusive should be used.

5.11.3.1 Gutter Flow Depths ‘and Spreads

Inlet 2, Grate in Pavemeht at Cuxbn

Cross slope: 1/4-jnch“per foot;, n = 0.016; Z = 48; Z/n = 3000;
Sx ='0.0208

From tablea5-7: Q = 2.64 cfs
Gutter slope’'=S_ = 0.013

= 0.20 ft.; x =2 ft.
L8 x 0.20 = 9.60 ft.

FromeFige 5-1:
Spreadw= T = Zd

I a o

Inlet )7,” Grate \in Pavement at Curb

Cross slopé: N1/L-inch per foot; n = 0.016; Z = 48; Z/n = 3000;
Sx = 0.0208.

From table 5-7: Q = 3.42 cfs
Gutter slope = S, = 0.013

From Fig. 5-1: d = 0.23 ft.
Spread = T = 48 x 0.23 = 11.0k ft.
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5.11.3.2 Hydraulics of Grates 2 and 7

Assuming the use of one of the grates discussed in subsection 5.7,
the hydraulics of the proposed grates at inlets 2 and 7 are checked
as follows:

Inlet 2
Given: Q = 2.64 cfs; Sx = 0.0208; Z = 48, Z/n = 3000; So = 0.013;
n= 0.016.

Find Q: assume 2 ft x 2 ft 45° tilt-bar grate.
From Fig. 5-1, d = 0.20 ft.; T = 48 x 0.20 = 9.60 ft.
From Fig. 5-23a, AW = 0.62 ft.

W 8/3
: - __E P R4 /'S e
E, (Fig. 5-21) =1 - [l TJ =] [1 9.60} =057

From Fig. 5-30, K = 1.24

v = 2KQ2Z _ 2(1.24) (2.64) (48) = 34N fps

T (9.60)2

From Fig. 5-23b, R = W0

E = REO = 0.57

Q.

EQ2 = (0.57)(2.64) =.1.50 cfs
Q_ = carry-over = Q-Qi = 2764 - Ja50= 1.14 cfs
Check safety factor,{SF) against“clogging.
d = (T - W/2) s ¢=(9.60 - 4)\(020208) = 0.179 ft.
_ %, (2.6M)%0.57)

V. = = =420 fps
Foowa (2)€0.179)
From Fige \23b, 2 feet)of the grate is used at VF = 6.3 fps.
6.3 _
(35 =1.5)
therefore:~SF 1.5 against clogging.
Inlet™7
Given: Q = 3.2 cfs; Sx = 0.0208; Z = 48; Z/n = 3000; So = 0,013;
n=+0.016

Find Qi: assume 2 ft x 2 ft U45° tilt-bar grate.
From Fig. 5-1, d = 0.23 ft.; T = 48 x 0.23 = 11.04 ft.
From Fig. 5-23a, AW = 0.62 ft.
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E (Fig. 5-21) = 0.51
From Fig. 5-30, K = 1.26

_ 2(1.26)(3.42) (48)

v = 3.39 fps
F (11.04)2
From Fig. 5-23b, R = 1.0
E = REo = 0.51
Q, = EQ =(0.51)(3.42) = 1.7h4 cfs
Q_ = carry-over = Q-Q, = 3.42 - 1.74 = 1.68 cfs

Check safety factor (SF) against clogging.

d= (T - W/2) s, = (11.04 - 1)(0.0208) = 0.209 ft.
QEF

_ "o _ (3.42)(0.51) _
Vg = 5 T @) (0.209)  © 4.17 fps
From Fig. 23b, 2 feet of the.grate is used at VF = 6.3 fps
6.3 ¢
VAN v51

therefore: SF 1.5~ “against/€legging.

5.11.3.3 Probable DepthsCat Sumps

Inlet 1 is in a pocket at the lowér end of @ swale. Inlets 3 and 8

are at the pavement sag. Inlet\5N\is at the, sag but in the intercepting
ditch on the south side of thesrocadway. The) following are the compu-
tations of the probable depths™of design, flow at each of these sumps.

Inlet 1, Grate in Swale Pocket atybower End

Given: From tables5~Z4s)Q = 14,06 cfs
Swale slope = 0.013
assumé 2 ft x 4 ft grate, 1/4-inch bars at 1-7/8-inch c.c. and
3/8-inchv @ crbss bars at 4 inches

Perimeter:+2(x 24.125 + 48 = 96,25 = 8.02 ft.

Qperim = 1In06/8.02 = 1.75 cfs/ft.
From Rig.*5-40: d = 0.61 ft depth of water above grate for
for Qperim = 1.75 cfs/ft.

This isr'satisfactory since grate is pocketed at end of swale.
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Inlet 3, Grate in Pavement at Curb (Sump)

Gutter slopes: 1.30% from W; 1.83% from E

From table 5-7: Q= Aperv qperv + Aimp qimp (0.10) (2.13)+(0.44) (6. 75)
3.18 cfs direct

nn

Q_ from previous calculations for Inlet 2: +1.14 cfs
¢ k.32 cfs

assume 2 ft x 4 ft grate; 1/b4-inch bars at 1-7/8-inch c.c. and 3/8-inch @
at b-inch c.c. transverse.

Perimeter: (2)(24) + 48 = 9.6 inches = 8.0 ft.
Clear opening = 6.4] square feet

Q = 4.32/8.0 = 0.540 cfs/ft.

perim
for 1/2 perimeter, Q = 1.08 cfs/ft.
From Fig. 5-40: d = 0.50 ft. = depth of water aboVve\grate for

Qperim = 1.08 cfs/ft.

Inlet 5, Grate in Swale at Low Point (Sump)

Swale slopes 1.30% from W; 1.83% from E
Swale from W: 2 ft bottom, 2:J~side slop€s ;180 feét\long; sodded
Swale from E: 2 ft bottom, 2:1 side sdopes, 155 feet long, sodded

Tributary area: 3.16 acres - 70% impervious,

From table 5-7: Q = 17.16cfs
assume 2 Tt x 4 ft grateylperimeter = 8.00 feet
Clear opening: 6.4l square feet

To allow for clogging divide ‘perimeter by 2.

Qperim = 17.1648.0)= 2.15 . cfs/ft
for 1/2 perimeter, Q = 429 cfs/ft.
Q 17. 16

172 cléar openings ™ 6.4172 5-35

From\Fig. 5-40,%curve B: d = 1.5 ft.; depth of water is 1.5 feet
above grate for Q = 5.35 c¢fs per square foot of
effective opening.

Thi's “is satisfactory since grate is pocketed at end of swale.
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Inlet 8, Grate in Pavement at Curb (Sump)

Gutter slopes 1.30% from W; 1.83% from E

From table 5-7: Q = A = 0.46 x 6.84 = 3,15 cfs

imp qimp

QC from previous calculation for Inlet 7: +1.68 cfs

4,83 cfs
assume 2 ft x 4 ft grate; 1/4-inch bars at 1-7/8-inch c.c.
and 3/8-inch @ at L-inch c.c. transverse.
Perimeter: 8.00 feet

Clear opening = 6.41 square feet

Q = 4.83/8.00 = 0.604 cfs/ft

perim

for 1/2 perimeter, Q = 1.21 cfs/ft

From Fig. 5-40 D = 0.50 feet; depth of water above grate fof

Q .= 1.21 cfs/ft.
perim

5.11.4 Hydraulic Design Procedure

Hydraulic design of a piped draipade systemNisva trial apd error pro-
cedure. For example, the first. choice of~pipe sizes may require
modification in one or more peaches afterm.a trials/hydraulic gradient
is computed. The estimated hydraulic. losses indsome structure may be
excessive. This most likely will involve toosharge a velocity head

in one or more of the pipes enteringjor leaving® a manhole or junction.
An increase in pipe size may befthe most satisfactory way to correct
this problem. If a pipe size(Js ‘increasedy the time of flow in the
reach (column 18 of table 547)*Will increase because of the slower
velocity; and consequently, the time“of concentration (column 19) and
the unit runoffs (columfA®. 9 and 10) wil1 change. This, in turn, affects
the runoffs in columns & and 12

If a reach of pipé\stz&” is ¢hanged, the required hydraulic slope (column
21) is modifiedwith a consequent change in the required friction head
for the reach (eoTumn 15

5.11.4.1 /bosses inaManholes and Inlets

It becomes neces'sary to evaluate the hydraulic losses or pressure changes
in oryat) each manhole or inlet. In general, this will be estimated in
acecordance with' subsection 5.10.2. Where applicable, the designer may,
atohis option; estimate pressure changes using the material discussed

in Ref., 512 There follow the detailed calculations of estimated

losses as tabulated in column 22 of table 5-7.
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Inlet 1
Qo = 14,06 cfs; D0 = 18 inches; VO = 7.96 fps, VOZ/Zg = 0.985 ft.
Entire velocity to be generated: H = 0.98 ft.

Entrance head loss: o.5H 0.49 ft.
M 1.47 ft.
Inlet 2
QL = 14.06 cfs; Qo = 16.70 cfs; QG = 2.64 cfs; VL = 7.96 fps;

It

2 L
VL/Zg = 0.985 ft.; V0 = 6.95 fps; Vo /2g = 0.75 ft.; D0 = 21 inches

I
I
T
{]

2 2
v, /29 - Q/Q [0.3 v /29]

= 0.75 - 14.06/16.70(0.3 x 0.98) 0.50 ft. loss @tyginlet

T
1
b o4
|

No velocity assumed for grate flow, QG’ dropping inte inlet.

inlet 3 Sump

Qu = 16.70 cfs; QO = 19.65 cfs; QG = 2.95 cfs§ Vu = 6.95, fps;

Vu = 6.95 fps; VO = 8.17 fps

Vu2/29 = 0.75 ft.; V02/29 =\1.043
D =D = 21 inches
u O
2, 2 (D \ }
H, - H =V /29 - o /o_(usé/2g)= 1.043 %.(16.70/19.65)0.75=0. 41 ft.

Turn loss 17 degrees (Fig< 5-34): 0215 x Vuz/Zg = .16 ft.
Total loss at inlet3: .16 +~UW= .57 ft.

Manhole 4

il

Qu 17.15 efsy QL = 19,65 cfs; Qo = 36.60 cfs; Vu = 9,71 fps;

VL 8.17 fps; Vo £'9.22 fps; Vuz/Zg = 1.47 ftr.; VLZ/Zg = 1.04 ft.;

2 - . B _ 2 _ 2 _ 2
Vo A29n=1.33, ftwy” H - H =V "/29 (QL/QO)(-3 %_ /2g) (Qu/Qo)(Vu /29)

=.3.33 - (19(65/36.60) (.3 x 1.04)-(17.16/36.60)(1.47) = 1.33 - 0.17 -

0.69 047 ft.
Turn{ Joss of QL: assume full velocity head: 1.04 ft.
Turn loss of Qu: assume 0.22 x Vu2/29: 0.32 ft.

Total loss at MH4: 0.47 + 1.04 + 0.32 = 1.83 f¢t.
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Inlet 5
Q= = 17.15 cfs; v, = VG = 9.71 fps
2 _ 2 _
VO /2g = VG /2g 1.47 ft.

Entire velocity to be generated: Hv= 1.47 ft.

Entrance head loss: 0.5HV = 0.74 ft.
Total head loss at inlet 5 = 2.21 ft.
Manhole 6
Qu = 36.60 cfs; QL = 3.42 cfs; QR = 3.15 cfs
QO = 42,24 cfs; Du = 27-inch; D L= 15-inch;
DR = 15-~inch; Do = 30-inch
Vu = 9,21 fps; \/L = 2.79 fps; VR = 2.57 fps
V. = 8.61 fps; Vuz/Zg - 1.33 £ 40, Zr2g €012 ft,

VR2/29 = 0.10 ft.; VOZ/Zg =16 ft.
- vy 270 _ 2 \ 2 _ 2
H, = Hy =V, 7/29-(Q /Q N0%3 vV “/29)-(Q /0 (¥ )*/29) - (Qp/Q ) (.3 V= /2g)

= 1.15 - 0.0029 - 1.15,- .0022>=-0.0

Turn loss for Qu = 0.23 %=1 N33 = 0.30 ft.

Turn losses: VRZ/Zg + VLZ/Zg =90.22 ft.

Total turn loss 0.52 ft.
inlet 7

Q= Q= 3¢h2Nefs ; V) =2.79 fps

Voz/Zg =0.12 ft.

Enti'te Welocity\to be generated: HV = 0.12 ft.

Entrance head/loss: 0.5H = 0.06 ft.
Total headhoss: v 0.18 ft.
falet 8

L Cy oL oy 2
Q, =Q = 3.15 cfs; Vo 2.57 fps; VO /2g = 0.10 ft.

o]
Entire velocity to be generated: Ho = 0.10 ft.
Entrance head loss, O.SHo 0.05 ft.
Total head loss 0.15 ft.
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Outlet 9 H.G.

The critical depth of 42.2 cfs in a 30~inch pipe is 2.2 feet (Chart 56,
HDS No. 3) and a draw-down curve brings the hydraulic gradient to the
inside top of the 30-inch pipe (with a .003 construction grade; a
velocity of 4.6 fps flowing full) at a distance of about 30 feet upstream
from the outlet. At the critical depth of 2.2 feet the velocity of the
design flow of 42.2 cfs is 9.2 fps, slightly more than the 8.5 fps
flowing full. Step backwater computations indicate that the hydraulic
grade elevation at the upper end of the outlet pipe will be within about
0.1 foot of full pipe. For practical design purposes, it will be
assumed that the outflowing hydraulic grade at manhole 6 is at the
soffit of the 30-inch pipe.

5.11.4.2 System Hydraulic Gradient

With the friction head for each reach (column 15) and the headjor
pressure loss in each structure (column 22), it is possible t6 calcuf
late the elevations of the hydraulic gradient in the system. These
computations must always start at the outlet for the _system. Thé

last paragraph of the previous subsection discusses.the determination
of this starting grade for the example design. [f%the disch@kge is
into a pond or perennial stream, the stage for the sfrequency~ef the
system design should be used if theodatd are available. (Rarely are
such data available for frequency=analysis. NIn such instahces, the
storm drainage designer must exercise hissbest judgefent, usually
evaluating the outlet conditiohs thydraulically. TFhis, may require some
field information such as @alignment, cross-sections/and elevations for
some practical length downs#£réam; note jshould.be taken of any hydraulic
control structures such as culvertsssmall bridges or other constric-
tions.

For the example problem, thel30=inch outlet“pipe is placed at a 0.5%
construction grade to ensyre that théwmany part-full flows responsive

to rainfalls more frequentsthan the ohce in 10-year recurrence interval,
will travel through the'pipe and‘exit therefrom at relatively non-
erosive velocities.. Thi's flatlconstruction gradient results in the
upper end of the 30-inch pipe being 17 feet below the top of manhole..
To shallow up «¢he outlet pipe%at MH 6 would save some excavation but
would result inwirtuallynadl flows discharging from the 30-inch pipe

at higher velocities, most of them quite erosive.

Proceedingiupstreamy, the 27-inch pipe of reach 6 to 4 would customarily
be placed to be vintually continuous with the outlet pipe. The head

loss at manholé, 6, has been computed as 0.52 ft. (column 23) and if the
desvign was te‘continue unbroken from the hydraulic grade from downstream,
the hydraulichelevation of the 27-inch pipe at manhole 6 would be

535.66 plus) 0952 or 536.18. This would place the flowline or invert

of the 27-inch at 536.18 less 2.25 or 533.93. However, this would place
the 27-inch pipe deeper than necessary, or it would require a steep
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construction grade between manholes 6 and 4 with consequent high
velocities. The decision is made to place the 27-inch on a flat
construction grade at a depth with adequate clearance under the 36-
inch water pipe (see profiles, Fig. 5-38b). The arbitrarily chosen
invert elevation of 537.36 gives the hydraulic elevation as 539.61
at the lower end of the 27-inch pipe. To this is added the friction
loss of 1.28 feet (column 15) for an upper end hydraulic elevation
of 540.89.

At manhole 4, 21- and 18-inch pipes bring in flows from inlets 3 and

5. Since neither of these lateral lines need be deep (to clear existing
buried utilities or for hydraulic reasons), they will be connected to
manhole 4 at drop-in levels above the downstream hydraulic grade ele-
vations. The downstream hydraulic grade in each instance will be assumed
to be at the critical depth at the incoming lateral pipe or at the icrown
of the pipe whichever is the lower.

For the 21-inch pipe of reach 4 to 3, the critical depth for '@ Q of
19.65 cfs is 1.6 feet (Chart 56 of FHWA HDS No. 3). A draw-down
computation indicates that at the upper end of the 21-iach pipe &t
inlet 3, the hydraulic elevation is within a few hundredths ofy a foot
of full. For practical design it will be assumed £ul\]. For=the 18-
inch pipe of reach 4 to 5, the criticalhdepth fofa™Q of 17,16 cfs is
over 18 inches so the hydraulic gradé will be_dssumed at/the crown of
the pipe. .

The beginning of reach 3 to 2 wil? then have an hydraulic gradient of
543.53 (F.L. of upper end_.ofl fo 3 reach plus 4.75t. plus 0.57

from column 22) or 545.85.\ “FThe flowline” or invert of the 21-inch from
inlet 2 will be set arbitrarily at"elevation«bh3776 or about 3 inches
higher than the outgoing flowlipe, to assure“good flow rates through

the inlet. To the incoming hydraulic grade)of 545.85 is then added

the friction loss of 1.98 feet{to result inwan outgoing hydraulic grade
elevation of 547.83 at inlet"2. Deductihg 1.75 gives the outgoing
flowline elevation of 546.08.

Reach 2 to 1 has an inceming hydraulic grade of 548.33 at inlet 2
determined by addifg\0«50 foot “(Column 22) the loss in inlet 2 to

the outgoing hydfaulic elevabion of 547.83. The invert elevation or
flowline of the\M8~inch_pipe at inlet 2 is then 548.33 less 1.50 or
546.83. The~hydraulic ‘elevation at inlet 1 is the incoming hydraulic
elevation ofi.548.33 at inlet 2 plus 0.37 foot (column 15) of friction
head or 548.°70. Té this latter elevation should be added 1.47 feet
(column| 22) preséure”head required to introduce the grate inflow into
the pjipe, outletNincluding some actual entry head as well as generating
the wvelocity “head in pipe reach 1 to 2.

The flow(from/inlet 5 can be dropped into manhole 4 so an arbitrary
depth of 6“feet for inlet 5 establishes its flowline as 544.00.
Assuming’a 2% construction slope results in the 18-inch flowline in
manhole 4 as 543.65. Since critical depth for a Q of 17.2 cfs in an
18-inch pipe is virtually at full depth, it will be assumed that the
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hydraulic elevation of reach 5 to 4 at manhole 4 will be 543.65 plus
1.50 or 545.15. From column 15 of table 5-7, the required friction
head is 0.42 foot so the design hydraulic elevation at inlet 5 is
545,15 plus 0.42 or 545.57. To this should be added 1.83 feet
(column 22) to develop the velocity head in reach 5 to 4 and allow
for entrance losses from the inlet box into the pipe.

The flows from inlets 7 and 8 into manhole 6 can be permitted to drop
into the manhole so the entering flowlines are arbitrarily chosen as
543.00 and 544.63 with hydraulic grade elevations at the outlets of
these reaches assumed at intrados. Since the construction grade of
each of these reaches is greater than the required hydraulic gradient,
the pipes will flow part-full, which is satisfactory.

To be checked at each inlet is whether the design hydraulic gradé
elevation is sufficiently below the gutter line or top of graté. (A
minimum freeboard of 0.75 feet is recommended as a design tafget: In
the example problem the analysis disclosed the following:

Inlet Maximum H.G. Tep Jof Grade
] 550. 1% 552+.30
2 548.33 551,44
3% 546, 42 549,66
5X 547740 550.00
7 545.75 550.52
8% 546. 00 548. 74

o
[iY

inTet in pavement sad
{ fnilet inf@itcth sag

The two grate inlets in the pavement sag wilN have very short time
ponding depths above the grates /of 0.50 foot’ for each of inlets 3

and 8; these depths assume the grates_half clogged. Completely
clear, unclogged grates_ would chande these depths to 0.34 foot for
each pavement grate. .Jhe)very high“fainfall intensity for the
E-minute 10-year rainfall makes these pondages appear worse than they
are in reality, sifce, the volumes involved are correspondingly low.

Grate inlet number' 5 is _in a ditch sump and will pond about 1.5 foot
of depth oversthe grate'with half the grate clogged; or about 0.72
foot deptheif the grate)is clean. This pondage is confined within
the ditch\banks.

5.12%.'"™ajor'" Drainage System

As\discusséd wery briefly in Chapter 1, there is a '""major drainage system'
feor each(urban drainage area. Whether that major system is planned or
not, it comes into operation whenever the runoff from a storm is in

excess of that for which the 'minor' or '"convenience'' system was designed.
The curbs, gutters, inlets, pipes, swales and channels constituting the
convenience system collect and transport all the flows they can. However,
under some rainfall intensities and durations, all of the runoff cannot

be accomodated and the excess must find its way overland to streets and
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to graded swales, artificial and natural channels to a point or points
of suitable disposal.

Except for the man-made changes incident to urban development, namely,
the provision of streets and grading as it affects overland flow and
provides swales and artificial channels, or closed storm sewers, the
routing of runoff from a major storm follows the minor and major
valleys of the design area. Excepting in very flat terrain, the flow
paths of the natural valleys can be readily determined on topographic
maps. It is of critical importance that the major storm system flow
paths are such in location and hydraulic character that the accumulated
excess runoff can find its way to a suitable outlet such as a major
valley, lake or the ocean. Major storm flow paths should not direct
flows against houses or other structures; should not fill up low afeas
which have no suitable outlet; should not result in scour and subse-
quent sedimentation; should not make it impossible for emergenty
vehicles to get through streets.

Wherever practicable, the swales and channels should have'slow flow
characteristics, be wide and shallow and natural in appearance.

Estimates of the runoff rates from a 10Q-year rainfall should be made
for various reaches of the probable fJow path. [The“probable hydraulic
behavior of the critical reaches should/be examined.

The possibility of the floodinghNof\property,, streets=and highways should
be examined. Can practical, econemic modifjications be® incorporated in
the major drainage system_to'“mifimizedor elimimate/ indesirable problems?

If the topography permits consider@tion of alferhate major drainage

flow routings, they should be ¢arefully evaluated through field checking.
Social impacts on neighborhoods, and generalhenvironmental design con-
straints should be determined._/Ability of <the major drainage system

to serve the total tributary“basin when @ 100-year rain occurs, should
be determined.
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