Highwey Materials Research Laboratory
- 132 Graham Avenue, Lexington 29, Ky.
tpril 15, 1952

To: Dean D. V. Terreil
Director of Research

At the meeting of the Research Committee on February 1, 1951,
the Research Laboratory was directed to make a study of drainage from the
standpoint of rainfall-runoff characteristics and means for estimating the
openings required in smd l bridges and culverts. Specifically it was noted
that the present system of runoff coefficients applicable to Talbot's formula
and assigned to different regions of the state was developed years ago, and
we were asked to reevaiuate the system. An evaluation on the hagsis of struc-
tures in service was suggested.

Early in the conduct of the wrk, 25 culverts well distributed
over the state were chosen for specific study, and arrangements. for develop-
ing generalized records of peak {low were established. Al]l the gauges were
located reascnably close to existing rain gauges in order to utilize those
records . '

At the seme time, the observations of existing structures were
carried out on a large scale. Atbtempts were made to get a reasonable amount
of data congerning their performance under different storms, and to bulld up
an organized basis for working backward from a known culvert opening and
known drainage area to an applicable "C" factor - baséd on the estimated
adequacy or inadequacy of the opening.

After about eight months were spent on field work, it became
obvious that this approach alone could be misleading. Some more funda~
mental considerations must be added if the resulis were to represent amy
improvement over the present design system. Accordingly, steps wére haken
to increase the scope of the project, utilize more records that have been
developed by agencies vwhich specialize-in work of this sort, make some
accurate measurements of rainfall-runoff characteristics on at least one
drainage srea, and insert some thecretical though sound concepts into the
problem. ' ' :

This has hezen done, and the machinery for collecting and analyz-
ing data has been fairly well developed. Probably the weakest link lies in
the leck of interest and cooperation on the part of some Depariment employees
who were designated as observers of the peak-stage indicators at the 25 cul~
verts mentioned above. Some of these have given prompt attention to the
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records and service on the indicators, some have gilven inconsistent or half=-
hmm%dammmmm,mﬂswmhmegbmnnca%ammnataﬂw‘mzaefamﬂ@
our efforts to colisct information from these sources, aud are asking the
continued cooperation of District Engineers in carrying this out.

A5 a means for orienting our thoughts, estsblishing a systematic
approach, and organizing the methods of keeping records for future use, a
written deseription of the project was started early this year. With addi-
tions of some background information and pertinent observations of field
conditions, the material was worked into. the form of the attached report
entitled, ¥A study of Runoff Frow Small Drainsge Areas and the Openings In
Attendant Drainsge Structures,® hy Bugene M. West and J. 0o Cornell.

The report is essentially a report of plans as well as progress.
A great deal had been found in the work thus far, but tangibvle results that
will accomplish the purpose as it was given to us are still in the future.
I believe that within a period of six months to one year we will have worked
the data to a point whers a much improved system of estimating required open—
ings can be recommended; following that the work will be largely a matter of
compiling records which will be usable in a reevaluation ~ perhaps tan years
in the future.

Respectfully submitied,

L. B, Gregg

‘Assistant Direchtor of Research

LEG:DIDC _
gopies tos Research Commlttee Members
‘ Mack Galbreath (L)
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INTRODUCTION

In 1926g John T. Lynch read to the Kentucky Academy of Sciences a
paper entitled, "The Relation Betweén Drainage Area and Waterwsy Required
for Culverts and Small Bridges in Kentucky." The paper was based on a
study of many small drainage structures then existing in the hiéhw&y systém,
and a general evaluation of the performance of the structures in relation
to rainfall and runoff from contributing watersheds,

As a result of this report, and in accordance with the suggestions
contained in it, the Depaftment of Bighways adopted a system of runoff
goefficients applicable to different séctions of the state and usable in
the empirical Talbot formula for computing the quantity of flow from a
drainage area, This information was contained in the booklet of instruc-
tions for bridge and culvert surveys which has been in effect for aimost.
25 years. |

From the beginning it was recognized that every smail drainage area
within a broad section of the state could not be adequately represented
by'a single runoff coefficient assigned to that entire section. However,
'very little data that coulaAbe used in making modifications for local
conditions were available. Even so, guides and instructions (15)* appli-
cable to drainage surveys carried a list of local conditions that should
increase or decrease ﬁhe oW factors in any given locality, and it was
suggested that modification be made by drainage engineers as eXperience

accumulated.

* - Numbers refer to 1ist of references at the end of this report,



With a view toward integrating this experience, making further use
of the many structureé built since 1926, and establishing a more fundamental
approach to ihe determination of probable runoff pertaining to small bridge
and culvert design, it was requested that the Research Laboratory undertake
a new study of drainage., This is the first report on thét study.

For this report, much information had been taken from results of
similar studies in other parts of the country, and a great deal of emphasis
has been placed on the principles of hydrology and hydrologic analysis°
The means for gathering new data have not yelt been fully established, and
results from that part which has been completed are limited. Howewver, the
report describes the approach which has been taken toward the problem, and

outlines work which is visualized for the future.



HYDROLOGY AND HYDROLOGIC ANALYSIS

By definition, "hydrology is the science that deals with the pro=
cesses governing the depletion and replenishment of the water resources
of the land areas of the earth® (2). Itldeals with the occurrence and
movement of water uponrand beneath the earth's surface as well as through
the air, and thus involves all the phases of the hyd?ologic cycle. It
is a relatively new branch of the natural sciences with practically all
the'present advancement having been made within the present centurys
The concepis and meth@ds employed in the approach to hydrologic problems
are contvinually improving through research and continuous collection of
statistical data.

The hydrologic cycle as influenced by the wvariocus movements of
water in relation to the earth’s surface, is illustrated pictorially in
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Only a portion of the cycle can actually be considered in the solution of
hydrologic problems, mainly because of the difficulties inherent in the
measurement or evaluation of some minor losses such as evaporation, trang-

piration, and intercepticn by vegetative cover.

Factors Influencing Rainfall=Runoff

Practically all applications of hydrology, and particularly those
pertaining to the design of hydraulic structures, are dependent upon .
correlations between rainfall and ultimate surface runoff, H&drol@gic
analysis for this relationship involves as many measurements as possible,
estimates for conditions that are not directly measurable, and calculation
of the probable occurrence of rainfall based on past recordse

Four specific factors and several miscellaneous factors have a bear-—
ing on the calculations and estimates.

Precipitation -~ Three features of rainfall are fundamental to hydro=

logic problemss
Intensity -« The rate at which rain falls for a given period,
usually expressed as inches per hour,.

Duration = The time during which rainfall prevails at that
rate, uvsually expressed in minutes. _

Frequency = The probable period of time within which combina-—
tions cf intensity and duration repeat themselves,
usually expressed in years.
Intensity and duration at any given location can be measured accurately with

instruments, and frequently can be estimated on the basis of such measure-

ments recorded over a perioed of years. Thus, the maximum combination of

&
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duration and intensity within a ten-year period may be termed a ten-year—
storm, and when records are kept for a pericd of several decades; the pro-
bability of storms of a given magnitude occurring within a 10~-; 25- or 50~
year period can be computed. SQ far as design purposes are concerned, these
would define the meximum precipitation anticipated within those periods of
time o |

Infiltration = The infiltration of water into the ground varies with

the rainfall and the physiographic features of the land, For example,
tbpégraphy, permeability of the soils, vegetative cover, and other natural
aspects of the land determine whether 2 small or large portion of the fall-
ing water infiltrates or runs off as surface drainage.

Infiltration capaéity is the maximum rate at which rain can he absorbed
into the soil, and this varies with conditions of rainfall. During a2 storm
of considerable duration the quantity of infiltration is usually large at
the beginning but decreases rapidly and becomes constant afiter a prolonged
period, Rainfall intensity has an affect also, to the extent that a smaller
portion of the total precipitation has an opportunity to enter the ground
when rainfall is heavy than when it is light.

From the standpoint of rainfall-runoff characteristics, infiltration
ié a factor which represents a loss or a reduction in the percentage of
total precipitation on a drainage area which contributes to flow in the
stream serving that area. Even this can be vitiated if the duration of
the storm is great enough for irnfiltrated water to become a part of sub-

surface drainage contributing to the stream at lower elevations.



Subsurface Runcff -~ Subsurface runcff is represented in the lateral

movement of ground water that has infiltrated or in some manner passed

beneath the earth's surface to reappear later as surface water at lower

slevations through seeps, springs, artesion wells, and underground streams.

In some localities subsurface runoff is the primary influence on stream flow,

and in the great majority of cases it is a constant‘contributing factore
Often the entire flow from a drainage area is in the form of subsurface

runoff, the most outstanding example being the basin consisting entirely of

one or more lime sinks. If a subsurface chamnel is the only outlet then

the problem may often be directed toward the capacity of that outlet.

However, where interest lies in the evaluation of subsurface drainage és

a contribution to surface stream flow, estimates are difficult to make -

and measuremeﬁts are practically impossible,

Surface Runoff — Surface runoff is that portion of the total preci-

pitation remaining after_the losses have been deducted. Waters that
originated as surface runoff, plus the subsurface runoff entering a flow
chamnel, constitute the total quantigy that must be accommodated by a
structure during a peried of rainfall or peak flow, As in the case of
infiltration, and in almost inverse proportion to it, the surface runoff
ig influenced by the character of the land and features related to the
land,

In practically all instances the water that flows off the surface
of the drainage basin determines the peak flow of a stream. That being
the case,.correlatiqns sought in hydrologic analysis for small highway
drainage structures are primarily dependent upon surface runoff during
or immediately following an actual "peak" storm or & selected maximum

design storm.



Miscellaneous Influences — Characteristics of drainage basin and of

the storm reaching that basin cause large variations in the flow of a strean.
Size and shape of the basin are, of course, major factors since the total
quantity of water carried would be dependent upon both. Pesk flow from a
basin of some given size which was shaped such that surface runoff from

all parts of the basin concentrated at the outlet simultaneously, would

be much greater than flow from a basin of the same size but long and

narrow in shape so that the time of travel for water from the several
segments would be differents Under storms of a constant intensity and

very long duraticn, these conditions would tend to equalize in their
influence on peak flow,

In a similar way, a storm of given intensity moving across a long,
narrow drainage area would afford a relatively short duration of fall on
the areay and thus the total runoff would be smaller than i1f the storm
traveled lengthwise over the watershed. It should evert make a difference
which direction the storm moved lengthwise over the area. A rainfall
moving downstream for a given duration and at a certain intensity would
probably causela peak flow different from that of an equal storm moving
upstream. Once again, if the rainfall continued for & long period of time
these differences would tend to equalize.

For any given drainage area, and ﬁith all other factors remasining
constant, a rainfall of high intensity and short duration would produce
a2 high réte of runﬂff\in comparison with a lower intensity rain of longer
duration, B8till, the peak flow in the siream could be greater with the

less intense storm,
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M1 the foregoing hydrologic principles indicate that for design‘purw
poses runoff rates and peak flows should be based on actual runoff measure-
ment records whenever possible, bub in the absence of such data the only
recourse is some theoretical correlation of rainfall-runoff. Even then,
the theoretical approach should be based on rainfall-runoff measurements

taken under conditions comparable to those of the design dralnage area.

Measuring Rainfall and Siream Flow

Stream flow and rainfall data are being continually accumulated and
classified by various federal, state, local, and private agenciesé In
Kentucky, for example, there are more than 100 permanent rain-gauge statlons
operated by or contributing to the U.S5. Weather Bureau, and all have pro-
duced records over a period of at least ten years. OSeveral have records
past 50 years. Stream flow records are about equally widespread, but most
of these have been made for large streams and rivers with.contributony
watersheds several hundred square miles in size. |

Actually, the greatest deficiency in records lies with the very few
measurements of both types on areas small enough to have been covered com-
pletely by a méasured storm for a reasonable length of time. This has been
given more recognition during the past few years, and the installations on
small watersheds are increasing.

Rainfall Measurements and Records - Two general types of gauges are

used in the determination of rainfall-recording and non-recording. The
latter is but a limited version of the recording gauge, and the only thing

in its favor is the cost. Recording gauges, as illustrated in Fig. 2, are
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made such that the occurrence and variation of rainfall with time is charted
over a given peried which is usually seven days or longer. Hence, the ganges
require only a minimum of attention yet the record is positive with respect
to time elements and increments of rainfall,

A1l records from the various stations are brought together and analyzéd
continuously for extended compilation and in some cases publication, i_~~»
t§ the fall of 1951, the records of hourly rainfall from all the stations
were published in a pamphlet entitled, "Climatological Data," issued monthly
by the U.S. Weather Bureau. Several years ago more extensive publications
of Wpaily and Hourly Precipitation® were made up each month by the Weather
Bureau in cooperation with the U.S. Corps of Engineers and the Depariment
of Agriculture branch dealinglwith flood control, but that was discéntinued
in 1948,

Apparently, the measurements of rainfall have been contimed at the
same level for all stations, but the reduction of charts to hourly pre-—
cipitation listings has been eliminated in the interest of economy. Thus,
the records from all stations are on file, but they are no longer availablé
to the public in usable form. This situation is a handicap in any statewide
gvaluation of rainfall-runoff characteristics mainly bhecause of its effect
on the determination of design storm conditions and to some extent because
of its relation to the.actual rainfall on watersheds within a2 broad area
surrounding the gauge.

Stream Gauging and Rating - Actual runoff from a watershed can be

determined by gauging the stream which serves as the outlet from the basin.

The procedure consists of determinations for the rate of flow at the chosen



section, and correlation of that flow with various stages of depth. The
rate of flow, usually expressed in cubic feet per second, is generally
computed from velocity measurements made with a current meter (Fig. 3).
Through a prescribed method (14) (16) of suspension of the meter in dif-
ferent segments across the channel, a2 mean velocity measurement can be

defined by the revolutions of the¢ meter in z certain time,

Fige. 3 One type of current meter used in
the determination of stream velocities.
These, in turn, may be converted to _._:
quantity of flow when the cross-—sec—
ti8nal area of the channel has been
measured.

The depth of flow or stage of the‘stream‘at the chosen sections can
be obtained by direct manual measurement, but to maintain a continuous
record of the runcff it is necessary to have a continuous record of the
gauge height, jnéardingly, reliable records can be made when an automatic
gauge~heipht recorder has been installed and the zero reading of.the gauge

indexed with the lowest point of flow in the channel at the chosen sectlon.
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Fig. b Automatic gaupe height recorder (a) with cover lifted
to show the mechanism, and (b) illustrated diagrammatically,

As the stream level rises the float is lifted and this motion
is transferred by the linkage of the device to the needle
which marks & chart (¢) attached to the revolving cylinder.
Fig. 11 shows a complete gauge installation.
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An automatic gauge-height recorder, as illustrated in Fig. L, is a mechanical
device which records the variations in the stage on a graphic chart,

When a sufficient number of gauée height~discharge relations have been
determined over a period of timey the stream may be rated by means of a rating
curve such as the one illustrated in Fig. 5. This curve defines the charac=—
teristics of the stream at that point, and with such a curve established it
is posgible thereafter to obtain the discharge a4 any time by simply noting

‘the gauge height.
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On small drainage areas fairly accurate stream ratings or determina-—
tions of discharge at high flow can be established by dispensing with cur-
rent meter measurements and placing pegk-stage indicators in series - one
at the inlet and one at the outlet of a culvert. Readings taken from the
sticks in the indicators serve the purpose of slope-area computations for
discharge by the Manning formula (6)(13)(1?)°

In cases where there are automatic rain gauges (one or more) placed
on the watershed, and an automatic stream recorder or even the pair of
peak-stage indicators measure attendant discharge, the rainfall-runoff
characteristics are established directly. However, in view of the variable
hydrologic influences discussed previously, one set of measurements is
not sufficient to establish runoff under subsequent storms of given magni-
tudes it merely defines the runoff caused by one particular storm, and the
next one may produce a different relationship. Thus, the more sets of
readings taken and the longer the period of time represented, the more
reliable the relationship, particularly where the information is to serve
as a basis for estimating peak flow from other drainage aréas having similar
characteristics,

With regard to stream flow records as such, the U.5.0.S. operates
approximately 100 gauging stations in Kentucky, and the data are published
along with those from other states in "Water Supply Paperst® which are
issued annually. Although practically &ll the gauges are iocated on
streams much larger than those spanned by small bridges and culverts, the
records are valuable in hydrologic andlysis of small drainage areas as

indicators of pesk-flow frequency.
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Analysis for Peak Flow Conditions

Almost invariably when a siructure of amy sort involving hydrologic
influences is.planned, there are no rainfall-runoff data from the project
location; or if there are such data, the period of time covered is limited.
Hence, prediction and estimation are inherent in hydrologic analysis. The
several influences have been summarized and interrelated in numercus curves,
charts, graphs, formulas, and other modes of expression all directed voward
one thing - the maximum flow from a drainage area uﬁder any combination of
circumstances. Hach approach is in essence a theory by which the flow can
be predicted, and it goes without saying that the discharge calculated by

means of one theory will rarely check that by another for some given problem.

Flood Frequency Determinations — First in the line of predictions or
estimates i1s the frequency of flood flow, or in the case of runoff.calcula—
tions, the storm freguency. If records have been kept for some period of
time at the project location, it is possible through one 6f numerous ap-
proaches to estimate the frequency of flood flow at that poiﬁt. This is
done by projection of data far past the period of time represented by the
records., If measurements have not been made at the location in question
or under circumstances reliably similar to it, then the problem in{olves
estimates of rupoff which in turn involves estimates of storm fregquencye.

Frequency is a factor that enters at the design stage when it is
necessary to establish the qnantity'of flow the structure must accommodate
without fail. Thus, common practice 1s to design for a 10-year, 25-year

or perhaps some other-period up te a 100-year flood flow; likewise, to
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ealculate discharge produced by a 10-, 25« or 100~year storm. Contrary to
conditions implied, this does not mean that the flow or storm so selected
is anticipated only once and no more during the described intervale Instead,
it essentially defines "...the average interval of time within which... (2
given flood)...will be equaled or exceeded once in the mean" (3).

For the most part, frequency methods are based on flow measurements
from widely scattered streams and drainage basins, and inasmuch as they are
limited in numbers, comparability, and the time over which they were taken,
the results are approximate at best. The procedure used in determination |
of frequency should be seleclted and applied by someone well versed in the
theory and experienced in the use of such data. It involves more than just
direct calculations from formulus on which there is fairly general agreement.

In brief, the recurrence interval of g flood of given magnitude may be

expressed asg

Tew N+ 1
—
wheres T = Recurrence interval in years
¥ = Number of years of record
M = Order of magnitude assigned to the storm in a series

As a means of illustration, Dalrymple (17) uses the following examples
Mpssume a discharge of 1OQO sec. fto in 1850; the record begins in 1910, but
the above stands ss 'maximum known'! until 1938, when a discharge of 2000 sec.
fte was recorded. Hence, plotting positions® (up to and including the 1946
flood) would be:

* _ puthors Note: position of points on a special type graph of discharges

versus recurrence intervals, thus defining a flood frequency curve.
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Wex. flood in 95 yr. period 22%L 96 yr. 2000 sec. fte

2nd highest in 95 yr. period 2121“_1 48 yr. 1000 sec. fte

2nd highest in 35 yr. period EEéL;L 18 yr. 800 sec. Tte
3rd highest in 35 yr. period 35§t—l_ 12 yr. 600 sec. fte
atc,",

This, of course, includes a known maximum falling outside the years of
record, which is a case that is probably seldom met.

The recurrence intervals thus determined are an expression of the
percent-chancé that a storm of any magnitude will occur within the in-
terval thus calculated. Afier records have been kept for that perioed
or longer in the future, the relationship calculated in the same manner
would be different. It should be noted that different interpretations
of the records can be made in assigning the order of magnitude of the
floods, and it makes a difference whether just annual peak flows or flows
exceeding a given base value are used in this determination.

Other expressions of flood frequency, such as those relating momen-
tary peaks to mean annual peaks, are used in estimating, and also rainfall
frequency has been varisbly expressed. By one approach, comparable with
that representing flood frequency, the recurrence interval of rainfall of

given intensity is:
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In this case, M is referred'to the order of magnitude of recorded rainfall
during a selected time of duration. A&s a minimum, ten years of record
should be available before these approéches are considered reasonably valide.

Tn the choice of design discharge or a design storm for highway drain-
age structures, consideration should be givén to the location and importance
of the project, the class of road, the economic loss and inconvenience to
traffic involved, and the influence on adjoining property. It is a recognlzed
fact that féw, if any, small drainage structures can be economically mads
equal to all storms. California (5), for example, has a recommended design
eriterion by which a culvert will flow full while.accommodating~a 10-year
storm, and serious damege will be avoided with the flow from a 100-year
storme

Empirical Formulas — There are several long-established flood-flow

formulas which have been or are used in the estimation of runoff. Most
workers in the field who rely on formulas develop confidence in cne or more
of these approaches, and introduce into them a great deal of experience
and judgement. Unless they are treated in this wa&, or a system of assigned
factors based on experience and judgement is avallable, the formulas are
practically worthless. |

One of the most prominent of these is the Talbot formula which was
the Easis for the original work in Kentucky by Lynch. It is the present
basis for hydrauiic design of culverts. This formula, which was developed
fram a study of railroad bridges in the Mississippi Valley, is expressed
ass

a=0C A=
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where: a = Required area of waterway in square feet

A = Drainage area in acres

An empiricsl factor representing all other conditions
infiueneing runcff

1

c

Naturally the factor WC" is always the point of principal concern in the
application of the formula. Originally the "C" values were set roughly at
1/3 for flat, 2/3 for rolling, an 1.0 for hilly terain, but in its applica-
tion to Kentucky the formula with these values inserted was soon recognized
as seriously inaccurate. Obviously, it should be because too many variables =
such as rainfall, scoils or gock formations, vegetation, etc. = were ignored.

The wﬁrk by Iynch was directed toward the establishment of ¢ values
to fit different parts of the state, and as a result the state was zoned for
these factors ranging from 0.4 to 2.0, ag shown in a map (Fig. 19) in the
Appendix of this report. fbr the past ten years thése values have been
applied 1argely without modification, although it was notéd in the Iynch
report and in subsequent instructional material (15) that modifications
should be made to the maximum exbent permissible by observations, experience
and. records,

A variation of the Talbot formula dirscted toward design discharge
instead of design opening is the so-called chkens formula. This is stated

ags

byl

Q=C A

Here the assumption that discharge § (in cubic feet per second) is pro-

portional to the 3/L power of drainage area (in square miles), merely
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changeslthe relations for simpliefied computatiﬁn and injects velocity as
a direct influence in the #C" factor. The same need for éxperience and
judgement‘reméinso

A number of other formulas with an equal amount of “unknowns" repre-
sent in the runoff factors have been proposed for flood-flow estimates,
and in some cases prominent conditions formerly included in the general
ncn factors have been separated and given recognition as measurable
guantities. One example is the Burkli-Ziegler formula which states that:

Q=ARC (S/0)%

where: ) = Discharge quantity in cubic feet per second

A = Drainage area in acres

R = Intensity of rainfall in inches per hour during & stomrm
of design frequency

8 = Average slope of the ground contained in the dréinage area
in feet per 1000 feet

¢ = Runoff coefficient

Values of "CW applicable to this combination range from about 0.20 for épen,
sandy farmland, where infiltration would be great, to about 0.75 for urban
business districts where there is practically no infiltration. The formula
was developed primarily from observations and records in urban aréas, with
a view toward storm sewer design. Ibs application to design of culverts

in rural sections is undoubtedly valid, provided the different factors have
been evaluated sufficiently for such areas. Because of the manner of re-

cognition for the separate variables, this approach may be termed semi-rational.
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It cccuples a middle ground betweeﬁ the old condensed formulas which are
géneralized statements of hydrologic relationships, and the more recent
approaches by which separate evaluations of the factors are attempted in-
dividuallj and then related through a general equation.

Rational Method -~ The so-called rational method of approach (18),

was a logiéal step in the development of hydreologiec analysis when accummi=
iated observations and records were numerous and representative enough to
become statistically significsdnmbe. Once more the general éhﬁation relates
discharge to area, with rainfall intensity and the always present wCH
factor or runoff coefficient determining the relationship. The general

equation is stated simply as:
Q=C1iAa

wheres Q = Discharge in cubic feet per second

i = Average rainfall intensity in inches per hour

A = Drainage area in acres
C

Runoff factor

Not all the variables lie within the runoff coefficient, and that coeffi-
cient itself is expressly defined as the ratio of maximum peak flow per
acre divided by the rate of rainfall throughout the "period of concentra
tion.® Similarly rainfall intensity is related to time of concentration

of the drainage area, and to the storm frequency characteristicse.
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Specifically, rainfall intensity is the average rate of rainfall di-
vided by the entire area during the time of concentration for the drainage
area, Time of concentration, in turn, is the time required for the water
to flow from the furthermost point in the drainage area to thé outlets It
represents the time interval from the beginning of a rain until the péak
discharge is obtained at the outlet, and of course this is influenced by
slope, roughness, and shape of both the watershed and the channel. All
are separately evaluated on the basis of analyzed records and measursments
from a variety of streams and drainage areas in different pé:r"bs of the
countrya

Obviously, the calculatéd discharge is no better than the data re-
presenting the separate factors. PFortunately, records have been accumulated
at an accelerated rate during the past 20 years, and these increased the
possibilities for accurate evaluation of the factors, As a resuli, modifi-~
catioms of the original rational approach have developed (19).

The time of concentration, now a recognized fundamental concept in
all peak runcff determinations, is a measurable factor but one that is
difficult to evaluate when there are no méasurements° Because of the factl
that recorder measuremenis are seldom available for project locations,
consilderable emphasis has.been placed on development of formulas for the
solution of times of concentration representative of drainage areas having
different characteristics.

Charts and Graphs - Mainly through the rational method or variations

of thai method, some agencies or states have developed charts and graphs

from which the desired flow requirements or openings can be tsken when the
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various influencing factors.have been measured or estimated. Outstanding
in the highway field are those propesed and used by Ohio, California (k)
(5), and the Bureau of Public Roads {(6).

ﬁhenever possible, the charts refleqt local eonditions, and the mu~
merical values of the scales on the chart were based on studies of these
local conditions. The Bureau of Public Roads chart, which is shown in
Fig. 6, necessarily is more general than those developed within a given
state. However, the curves were derived from measured and recorded data,
with certain agsumptions interjected.

Use of the chart for a given problem imvolves classification of the
drainage area in accordanée with the tabulated characteristics in the upper
left of‘Fig, 6, and a new line of flood-producing characteristics may be
drawn in by interpolation between the existing curves if conditions warrant
ite After the curve of flood-producing characteristics ié selected, the
peak flow is read directly from the curve where it intersects the vertical
line representing the size of the drainage area.

This, as noted, in the discharge produced by a one-hour rainfall of
2,75 inehes, and to convert to discharge under a different rainfall ths
value picked from the chart is multiplied by the ratio of the design raine
f£all to the 2.75 inch rain for which the chart was drawn. Experience
gained through rainfall-runoff measurements could be used for local adapia~
tions of the chart, by merely plotting in the recorded values accumulated
over a period of several years. If the information is to be applied withiﬁ
a broad region, then the records should cover several drainage aréas having

a variety of characteristics.
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Bureau of Public Roads chart for estimating peak runoff
from storms of 25-year frequency having one-hour rainfall of
2,75 inches (6).
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One of the most exiensive published works involving a chart relating
various factors, is the one carried out by California (5) a few years ago.
As a result of those studies, a recommended approach to determination of
ranoff was summarized in a nomographic chart. The chart, as illustrated -
in Fig. 7, has the state divided into four graphical classifications, and
the variébles are related in accordance with a series of mathematical equa-
tions somewhat on the order of the rational method.

For a situation within any one of the geographical zones, four prin-
cipal variables (which are measurable) determine the positions on the graph.

These variables, as noted in the lower right corner of Fig. 7, ares

1, Fall of the basin or chammel from the furthermost point
to the culvert site in feet.

2. length of the channel from the furthermost point to the
culvert site in miles.

3, Drainage area in either square miles or acres. .

Lo Bstimated percentage of runoff in relation to the preci-
pitation.

A1 the conditions are based on a Ll-minute storm of 2.2 inches per hour,
and the coverage is limited to drainage basins 10 square miles or smaller
in area.

Tt should be noted that most of the factors involved in the empirical
formulas or the rational approach previously discussed are represented in
the combination of equations interrelated by this chart. The runoff coeffi-

cient "K® in this case corresponds to the ®CY factor in several other formulas,
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and time of concentration enters in the same manner as it did in the first
rational approach, but its mathematical expression is considerably different.

The chart, in essence, represents a rational evaluation of runoff factors
peculiar to different sections of California, and integration of those factors
in a golution for probable runeff from a storm of about 50 to 100 year fregquency.

Unit Hydrograph = One of the most fundamental methods for determining

surface runoff under different rainfall conditions is the unit-hydrograph
method. This is applicable only when data have been collected by stream
gauges and rain gauges, for a definite runoff-time relation must be known
before the unit hydrograph is established.

The theory from which the unit hydrograph method was derived, makes

“use of three basic principless

1, For a given drainage basin, the duration of surface runoff
is essentially constant for all unit storms regardless of
their intensity or of differences in the total volume of

surface runoff.

2, Tor a given drainsge basin, if two uniform-intensity storms
of the same length produce different total volumes of surface
runoff, then the rates of surface runcff at corresponding
time ¥t¥ afiter the beginning of two storms are in the same
proporﬁion to each other as the total volume of surface

runoff,
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3, The time distribution of surface runoff from a given storm
period is‘independent of concurrent runoff from atecedent

storm periods,

The term, unit storm, refers to any storm of such duration that its surface
runoff is equal to or greater than that of any storm of shorter duration,
For every drainage basin, there is a certain umit storm period such that
all stormé of that duration or less, the period of surface runoff will be
the same regardless of the intensity. The period of rise is approximately
the same for all unit sterm intensities.

Similarity between imaginary unit hydrographs is illustrated in Fig. 8.
The significance lies in the fact that arithmetic expansion of the measured
hydrograph for a light rainfall produces an outline which nearly duplicates
the measured’unit hydrograph for the heavy rainfall. This being so, hydro-
logic data for any unit storm may be projected for a very.close approximation
of runoff from much larger storms on the same drainage area.

In determining the surface runoff by means of the unit hydrograph theory,
it should ﬁe recognized that the rélationships are nct absolutely fixed and
the principles do not include all the influencing factors. However, it has
been accepted that the errors introduced by disregarding these influences
are usually minor, and the method is regarded as a.sound approach to one

phase of runoff determinations.
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INVESTIGATIONAL METHODS

The procedures which have been used thus far in this study are in
four aifferent categories according to the itype of observations and the
records involved. None of the four by itself is a significeant basis for
sstimating rainfall-runoff conditions statewide, but in combination they
provide a fairly broad coverage. In some categoriss additional coverage
is plaﬁned, and in all categories the records will be compiled o%er a
period from six months to several years.

411 of the work has been directed toward evaluation and possibly
revision of the present basis for estimating the size‘of openings re—-
quired in small bridges, culverts, or cross-drains. 3Because they are
fundamental to the problem, rainfall-runoff determinations havé been
given primary emphasis; however, the greater amount of effort has gone
into surveys of existing structures, the intent being to evaluate their
perf%rmance in relation to runoff factors assumed at the fime of design.
As an adjunct to the surveys, attention has been given tc several feabures
which are extraneous to runoff determinations but still of considerable
influence on the efflclency of a structure and its ability to accommodate

water flowing from the drainage basin.
Peak~Stage Indicators

At the outset of the project, a simple and inexpensive way of measur-
ing the height of flow in culverits was sought, in order to establish some

record of flow conditions in many structures scattered throughout the state.
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As a result, peak-stage indicators of the type shown in Fig. 9 were adoptede.

These devices consist of a length of 2~inch galvanized pipe .apped
top and bottom, and containing a l-inch square measuring stick held‘erect
by a clarp on the top cap. The bottom cap is perforated with several 1/8-
inch holes to admit water as the stream rises, A Mixture of lamp biack
and ground cork placed in the pipe rises with the water level, and ulti~
mately leaves a mark at the elevation of the peak siream stage. An
indicator was bolted to one wing at the inlet of each structure selected,
ag indicated in Figf 9.

Twenty-five 150ations listed in Table 1 and shown by red dots on the
map labeled Fig. 20 (see Appendix) were selected for these measurementss.
The selections were made on the basis of uniform coverage of the state,
variations represented in sizes and types of structures, and proximity to
existing rain gauges. In every case the location chosen was within a dig-
tance of 5 miles from a rain gauge.

Indicators were pléced at both the inlet and outlet of two or three
of the structures as a means of providing for computations of runoff from
slope-area determinations applied to the Ménning formula {see page 1b).

In lieu of this érrangemenﬁ, vertical stripes of whitewash were painted
at intervals of 5 feel along the inside of the culvert in an attempt to

define the crest. Stripes of this description are shown with the peak

stage indicator illustrated in Fig. 9.

Obviously installations of this type are limited in their possibili-

ties for correlation between rainfall and runoff, but a rough estimate



Fig. 9. Peak stage indicator and series of whitewash
stripes for indication of flow through the culvert
during periods of excesgive runoff.
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Table 1 = Location of Peak Stage Indicators

Dist., Road Culvert Description Iocation
i 7.8, 51 Dbl. 12x6 R.C, Near N. City Limit - Hiclman
Ky. 95 Trpl. 8x7 R.C. 0.5 Mi, N. of Jet, with Ky. 58
Ky, 107 Dbl, 10x8 R.C, 3.5 Mi, N. of Herndon
2 Ky, 141 Dbl. 10%% R.C. 5,8 Mi., from Jet. U.8. 60
30° Skew left
Ky, 147 Dhl. 10x8 R.C, 3.5 Mi. N. of Mgdisonvilie
U.3., &0 10x5 R.C. 3.9 Mi. W. City Lim. Owensboro
45¢ Skew Left
KY. 71 12x7 Stone Mesonry 7.4 Mi. N. Warren County Line
UoSo 31"W‘ 8}{.8 RnCo la? Mj..e Sp O.f IiTaﬂklin
3 U.S5, 60 Dble 12%% R,C. 2,5 Mie B, City Limlt St. Mathews
L Ky. MO1 6x6 ReCo 4.2 i, from Jet. With Ky. 86
U3, 31=E 20! Span 3.25 Mi. E. Hodgenville
450 Bkew, Right '
6 Kv. 35 Dbl, &x6 R.C. 2.5MieS. Monterey @ Old Cedar Ch.
Kye 35 Dbl. 10x5 R.C. 2.9 Mio N. Jeto With Kye. 70.
Clays Mill Rd. 12xk R.C. Ouli MioS. of Jot. U.S.68@Lexington
Ky. 52 8x6 Re Co 1 Mi. E. of Bridge at Beattyville
7 U.S. h60 10x7 Stone Masonry 2,25Mi. Wo of Salyersville
U.5,.119 20x7 ReCo 0,7 Mi, E. of Pikeville
8§  U.8. 27 12%8 R Co 2,5Mi, S. of Perdleton Co. Line
300 Skew left
Kyo 57 8x6 R. Co 7 Mi. N. of Flemingsburg
U.5. 60 Dbl, 8x6 Stone Masonry 1.5 Mi, We of Olive Hill
459 Skew Left
U.S. 23 20! Single Span At Two Mile Creek
9 Ky. 63-100 16x8 C 1.25 Mi. S, of Tompkinsville
Xy. 92 . 0.3Mi.E. Jot Ky.S0@Monticello
U.S. 25 Dble 1hxB R.Co 3 Mi. No of London

U.5, 119

16x10 Stone Masonry

3.3 Mi. W, of Loyall
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can be made if the rainfall data taken from the recorded not more than 5
miles away are applied to the drainage area contributing to the structure.
Inasmuch as the peak stage indicator merely records the maximum level
regardless of the time at which it occurred, there is no possibility of
determining fundamental rainfall~runoff characteristics with different
storms. |

Sections in the approach channels to these structures were taken
by a party sent to the field; and arrangements for observing and gervice
ing the indicators were made through the Divisions of Construction and
Maintenance. 'Department personnel working in thé localities were desig- .
nated for this service, and they were provided instructions and printed
post cards upon which they could record thelr observations and mail them
to the Research Laboratory immediately. A record from the locality was
requested for each day that a rainfall of at least 1 inch occurred in the

2li=hour pericd.
Test Drainage Area

A& more fundamentdl approach to the measurement of runoff is repre-
sented in a model test drainage area. Through the cooperation of the
Iouisville District Office, U.3. Corps of Engineers, five rain gauges and
an aubomatic stream recorder were made avallable for the collection of
data. These were installed on a drainage basin (Douglas Creek) contribut-
ing to a triple 1Lx10 reinforced concrete culvert on SR 470 in Larue County.
The basin, which is 7.32 square miles in area, is gently rolling, largely
cultivated, and oblong in shape as indicated on the airphoto layout in

Fig. 10,
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of Hodgenvilte.

OUTLET - Triple 14 % 0 R
gn 30° Bkew Left.

.6, Culvert

DRANAGE AREA = 7.3 Square Milss.
.5 ’ ‘|H||!

A L L 1 ) L R— ‘

Approxlmots Saale

Area in Larue Gountye

Test Dralnage

Fige 10s Adrphoto layoutb of the




- 34

Inasmuch as the rain gauges are all of the automatic recording Type,
the time, intensiby, and duration of rainfall is being measured constantly, and
the stresm vecorder is measuring and recording runoff concurrently. Hence,
fundamental features such as time of concentration are represented in the
information which is accumulating.

The gauges were placed in operation about the middle of December,
1951, and left in the care of a Department employee from the El;zabethtown
Distriet Office who resides in Bodgenville. The charts are changed and
the buckets of the rain gauges empiied onﬁe a week unless heavy rainfall
requires more ffequent servicing of the gaugss. Charts are mailed to the
Research Laboratory where they are fworked up# into rainfall-gauge height
relations.

Thus far the velocity of stream flow has not been measured with a
cufrent meter under sufficiently variable conditiéns to establish a rating
curve for the stream, but this is being carried out as opportunities present
themselves, When that is comﬁletedg gaugtheight recordings will be cone
verted directly %o runoff in cubic feet per second.

While this more elaborate approach is by far the best method of com—
piling rainfall-runoff data, pcssibilities for widespread application to
eulvert evaluations are limited. The cost of establishing and mainbaining
a group of several installations of this type is fairly greath and the
extent to which data from each area can be projected to other areas os=
tensibly similar would need be determined. The errors introduced in
assumptions of transfer from one place to another could vitiale a great
% Probably two or three rain gauges would be sufficlent, and five were

placed on the Douglas Creek test area only for the purpose of studying
distribution of rainfall intensities within an area that size.
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deal of ihe accuracy obtained in the original measurements.

As indicated laber in this report, and shown on the map in Fig. 20,
there are nine other test areas within the state operated by the U.S.G;S,
or thé Department of Conservation in cecoperation with the U.8.G.3. Free
flow of information from cne department to another is assured, so in effect
there are ten small aress generally well distributed which are producing
this type of da%a for application to the culvert area problem. AT the
moment, consideration is being given to locations of two g@di#iqn%} areas
in the Highway Department program, one in the sgoutheastern part of the

state and another in the Purchase area..

Evaluation of Data from Cther Socurces

Kentucky is in a particularly fortunate position from the standpoint
of records in general, and the length of time covered by the records. Some
of the earliest stream flow measurements were made within the state, the
station at Cumberland Falls, for example, carrying back to 1907. Even
though all but the most recent records pertain exclusively to major streams
and very large drainage areas, they may be found valuable in work on small °
areas because of the possibilities for establishing flood frequencies.

&pparently the records have not been thorough%y analyzed from the
standpoint of flood frequencies, or at least the only published informatien
refers to Kentucky in a very general way. In all probability, work of this
nature is in progress or has been done in comnection with some of the large
flood control projects carried out during the past few years. If so, the
results would have a bearing on consideraticons cf flood freguency on small

drainage basins,
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- HActually the rainfall records will probably have a greater bearing on
analyses for small basins, because of the necessity of establishing runoff
factors which can be applied in emperical formulas or graphs. This is so,
since the actual stream measurements are so limited andlextend ovef so few
years, Storm frequencies will be the objec£ of greater interest under those
conditions.

The excellent coverage with rainfall records should provide highly
reliable storm frequency data if the procedures for estimating frequency
are valid. MAs noted previously, and shown in Fig. 20, there are more than
100 stations in Kentucky with records extending beyond ten yeafs. The
Jongest record (Loﬁisville) is slightly in excess of 80 years, and 70 of
the stations have more than 25 years of record., Obviously man& of these
will not provide more than just the total amount of rainfall per 2L hours
bécause the automatic gauge was of comparatively recent origin. Neverthe-
less 25-year records with measured intensities and durations should be
abundant, and a complete set of records covering a pariod.greater than the
last ten years is assured because such information is dlready on file in
the Research Laboratory.

Analysis of rainfall records for storm frequency determinations is
considered a portion of this project, and to that extent; atleast, data
from other sources will have a primary beering on the end results. It
has been noted, too, that bthe information from o ther gauging stations and
test areas throughout the state will contribute materially to the data on
measured rainfall-runoff characterisiics.

The extent to which information from studies of culverts in other

states can be applied in Kentucky is not known. In general, highway
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organization do not have a well-founded approach to the problem, and in-
dications are that most of them assume C factors based on experience ard
apply Talbot!s formula, A few have made outstanding development% and reports
of those developments have been drawn upon for background in formulating this

programe
Survey of Existing Structires

Theoretically culverts in service offer excellent bases for judging
design methods provided dependable information is available., Simple adequacy
of the structure can, of course, be evaluated by determining whether there
was ever a time when the opening was not large enough to accommodate all the
water that reached it. However, this is not a good criterion for judging
the practical adequacy of the structure, because the rainfall conditions
that caused fldw exceeding the capacity may represent a lOO—year storm -
an unreasonably high design standard. There is also the possibility that
the structure was greatly overdesigned and would never flcﬁ full, not to
mention being over topped.

Several conditions limit the practicality of studying culverts in
service, working the design problem backward, and arriving at a decision
on the adequacy of the design. Almost invarisbly it is necessary to depend
on persons living in the vicinity for estimates of the peak Flow conditions;
if these estimates are accurate, memory usually places the time aﬁ about
one year or another, and then it is practically impossible to correlate the
flow with any measured rainfall, even in a general wgy. Under those cire

cumstances, the observed conditions apply to just the particular structure
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and drainage basin, or to a situation which is practically identicale
Altﬁough existing structures alone offer little that is usable in
determining rainfall-runoff characteristics of drainage greas,they do
provide evidence that is pertinent to design. Any condition influencing
the efficiency of performance haé a bearing on thé adequacy of size deter-
minations, Thus, these conditions were given considerable attention during
the ‘survey of several hundreﬁ culverts which have been inspected to date.

Obstructions = Most of the obstructions which restrictjflow, and

effectively reduce the size of the opening, are created by nature. Qften
an obstruction is deliberately placed by a private individual, probably
without any thdught of its effect on the drainage way. An example of such
conditions are illustrated in Fig. 12, Obviously, there is no possibility
for designing against erection of livestock barriers, but some machinery
for controling encroachments of this type is important to the adequate
design and fuhctioniné of dreainage structurese .

Natural obstructions in the form of debris and vegefation are illu=
strated in Fig. 13. Freguent inspection and vigorous maintenance offer
the solution for reduced capacity in this case, and allowances in design
are impraétibal; (n the oﬁher haﬁd, oEStructions'through natural silting
(Figs 1L) can often be combatted at the design stagé;"iThe load of a stream
is dropped only‘at pointé where the velocity is reduced, and oftentimes
silting at the entrance to structures indicates openings that ‘are tbo large
or ot least too wide. Culverts with multiple openings seem to be parti-
cularly vulnerable to this action, probably because of eddy currents and .

the proportions and limited operating heads - as discussed later.
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8 Fig. 12, Culvert capaci-

ties are often reduced
greatly by the ersction
of livestock barriers.
Reductions of 1/3 4o 2/3
design capacity are re-
presented in (a) and (bj.
Desirable mounting of
barriers is illustrated
in (c).




‘Fige 13. Accumulations of flcating debris or growth of
vegetation in the channel and within the right of way
are common obstructions to stream flow, In effect the
design capacity of the culvert has been reduced albhough
the structure is capable of carrying more water than
reaches it under these conditions.
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‘Fige 13. Accumulations of floating debris or growth of

. vegetation in the channel and within the right of way
are common obstructions to stream flow. In effect the
design capacity cof the culvert has been reduced although
the structure is capable of carrying more water than
reaches it under these conditions,
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Fig. lh. Silting in the approach channel or within part of a culvert
is generally evidence that the structure has greater capacity than
the stream can utiiize. Veolocities are reduced and lcad is drop~
ped abt the structure. Thereafter, only a portion of the total open-
ing carries water, and in the case of multiple structurss cne or
more segments often become closed. MNobe the open chamnels in (¢)

and (d). '
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b ﬂlignmeﬁt ~ The better thé structure is aligned with the appfoach
channel the less p0581b11ity there is for development of interference
at %he structure 1tse1fu At many ldcatlonsg partlcularly in reglons of
rough %erralng pOSSlbllltleS for aligmment with the channel become
limited. Undoubtedly, the 81tuat1qn‘then becomes a compromlse between
inoreased capaclty to acéammodate‘poof aligrment and a change in location -
or skew in the interest of hydraullc efflclency (see Fig. 15) |

inlet and Outlet Conditicns -~ Some desxrable and unde51rable O

ditions at the inlets and outlets of culverts are illustrated in Figse
16 and i7°_ Abrupt‘changes in the direction of flow at either the inlet
or outlet creates turbulence and seriously affects the rate ét which water
can pass through the opening. Extremely undesirable conditions from the
standpoint of turbulence are represented in Figs. 16(a) and 17(c). In |
éontrastg the excellent arrangements for collecting the water at the inlets
shown in Fig. 16 (d tc ) and for discharging it from the outlet illustrated
in Fige 17(a) practically preclude any serious turbulenca;l

The design of wing walls-and other channelizinglfeatures for comple te
efficiency would be different for each individual structufeg and this is
cbviously beydnd reason. However, a wide variation in shapes and propor=
tions on design standards should bring most inlets and outlets within
the range of reasonable hydraulic efficiency. .

Proportion and Bffective Head = Occasional operation of culverts under

a head is desirable and beneficial provided other considerations will per-
mit it. Not only can effective openings be reduced under such circumstances,

but the stream tends to clear its channel and remove material that may other-

wise develop an obstructlone



Fig. 15, Poor aligmment with the approach channel reduces the hy~-
draulic efficiency of a culvert by setiing up eddy currents and
reducing velocities. The views (a) and (b) are looking upstresam
through the culverts and intc hillsices immediately beyond, and
in situation (c¢) where the view is downstream the approach channel
is far to the right rather than in direct aligmment with the cul-
vert. A desirable situation is shown in {(d) .
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Fige 16. If the channel is not obstructed and the culvert is aligned
to maximum advantage, flow will be retarded at the inlet only if 1t
is poorly arranged for collection of the water. HNote the contrast
between inlets (a) = (c) and irlets (d} - (f).
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(b)

Figo 17 Oulvert Outlets

should provide unretarded
flow, otherwise the design
capacity is effectively re-
duced. This series of photo-
graphs illustrate (c) extre-
mely poor, (b) meidocre to
poor, and (a) satisfactory
outlet condations. Some=
times abrupt changes in
course are necassary at the
outlet, but hydrauiic effi=-
ciency can be greatly in—
creased if the change is
brought about gradually.
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Efficiency is increased with the increased velocity. As an example,
a stream with a peak flow of 500 cubic feet per second would require 250
square feet of opening if the culvert is proportioned and arranged so that
flow is accommodated at a velocity of 2 feet per‘secondn If the propor=
tions are changed, and the struciture is permitted to operate under & head
causing flow at a velocity of 10 feet per seconds the required area is
reduced to 50 square feet.

Obvicusly, the effects of backwater elevations must always be re-
garded under these circumstances, but contrary to most popular opinions,
the culvert which carries all the flow without temporarily impounding
water at the fill is not alwayé a desirable or well-designed structure.
Kso, contrary te usual assumptions, the velceity of flow in any structure .
not operating under a head seldom exceeds l; feet per second.

‘Some conditions related do proportions and velocities are illustrated

in Figo 1.8&
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(d)

Fig. 18, Modern grades and high f£ills make possible designs that will

let a culvert function under a head occasionally. This is desirable,
provided damage to sbutting property can be avoided. Not only is the
effective capacity for a given slzed opening increased, but the chan~
nel is scoured and kept clean as long as there is ne accumulation of
debris teo large to passe

The proporitions as well as the sizes of openings are involved,
In situation (b), for example, the same effective capaciity could have
been obtained with a slight increase in height, and elimination of
one of the openings. The culvert in (¢c) has obviously operated under
fairly high heads as evidenced by the stilling basin formed by the
stream on the cutlet side.
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RECOMMENDATIONS

The project has not progressed to the point where any change in the
gystem of runoff factors can be proposed; however, the records available
and cbservations made thus far indicate that a rgvised gysten extending
beyond the range of the Talbot formula can be developed. IIf at all possible,
factors fundamental to rainfall-runoff characteristics - such as storm fre-
quency, shape as well as size of the drainage area, times of concentration,
infiltration as related to soils or rock'forpations,and the like ~ should be
given geparate recognition.

Possibilities for separate evaluation cf factors will be greatly en-
haniced by the new state-wide topographic survey, which is scheduled for
completion within the néxt two or three years. Added to this is the com—
plebe air photo covefage from which numerous features of a draingge area
can be taken, mﬁth these available, a great deal of the conditioms enter-
ing separate evaluations would be avallable in the office and would not
require additional observations in the field.

In order to aveoid complicated formunlas which could be cumbersome in
use, congideration should be given to charts or graphs similar to those
discussed sarlier in the report. These Wodld represent merely a set of
separate solutions combined and integrated for easy application. Undoubi-
edly, . the pertinent records of rainfall and stream flow in Kentucky eguals
in number and sxceeds in years of observations the records on which other
satisfactory systems have been based (California, for example). That being

the case, the approach with separate factors and charted solutions appears

promising.
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Establishment of two additional test areas in the state, one in the -
southeastern portion and another in the far ﬁest is recommended. The
distribution of test basins now in progress (seerFige 20) leaves these two
regions without fundamental data. It is possible that, after records
have been made for a period of several months at one of these locations,
the gauge could be moved and temporarily insitalled a2t other locations
10 give check informstion under storms that could be rated on the basis
of records in the vicinity.

Conditions affecting the performance of structures in service warrant
considerationg for in some instances atiempts at reasonable designs éf cul-
vert openings are futile and practically worthless when obstructions, charac-
teristics of the channel, inletsor outlets, and other factors materially

reduce the capacity below the design value,
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