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ABSTRACT

This study contains a scientific, simple, and practical method to determine
the peak discharge of flow from small rural drainage basins for the design of
waterway openings of minor drainage structures such as culverts and small
bridges. For practical applications of the method, a design chart for climatic and
physiographic conditions in Illinois is presented.

Major phases of the study include a historical review of engineering studies
and methods of waterway area determination, a survey of design practice in
different state highway agencies in the United States, a collection and analysis
of available hydrologic data for the State of Illinois, the development of a method
for waterway area determination, a simplification of the developed method, a
compilation of formulas for waterway area determination, and an annotated
supplementary bibliography.
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NOMENCLATURE

(Notation used in Appendix I not included)

A:

a =

My, g, dgy . .. =

o~
Il

D.D. =

FF =
H =

Waterway area in square feet; or
drainage area in acres or in square
miles.

Waterway area in square feet,
Subdivided drainage areas in acres.
A constant,

= A coefficient; a runoff coefficient de-

pending on characteristics of drain-
age areas.

drainage area in acres or in square
miles; time interval in hours.
Drainage density, or total length
of visible channels per unit drainage
area, in feet per acre.

= A frequency factor.

A frequency factor.

Fall of the drainage basin from the
farthest point on the watershed to
the outlet of runoff, in feet.

Rainfall intensity in inches per
hour.

A coefficient; a lag-time factor
equal to L/A/ S .

A lag-time factor equal to

A%3/SA/ D.D.

= A physiographic factor.
= Length of stream or of drainage

basin in miles or in feet.

Total length of visible channels in
a drainage basin in feet.

= A land use and slope factor.

Drainage area in square miles.
An exponent.

= Runoff number or hydrologic soil-

cover complex number.

= An exponent.
= Peak discharge in cubic feet per

second (c.f.s.); peak discharge of a
unit hydrograph.

?}=

Q

Qs

Qlu:lx -
q =

4p =

R =

R.
R..

R,

RF =
S=

t !

tn

Numerical percentage rating on the
Myers scale.

Discharge in e.f.s.; 10-year dis-
charge in c.f.s.; direct runoff in
inches.

= Base flow in c.f.s.

Qa =

Computed design peak discharge
in c.f.s.

Maximum peak discharge in c.f.s.
Discharge in c.f.s. per acre in the
Biirkli-Ziegler formula.

Peak discharge in c.f.s.

Rainfall or rainfall excess in inches;
a rainfall factor.

Rainfall excess or direct runoff in
inches.

Rainfall excess in inches at Urbana,
Illinois.

Rainfall in inches at Urbana, Illi-
nois.

A rainfall factor.

Average ground or channel slope in
feet per 1,000 feet, in feet per foot,
or in per cent.

Average land slope of watershed in
per cent.

A slope factor.

= Base time of a triangular hydro-

graph in hours.

= Time of concentration in hours.
= Time from beginning of direct run-

off to peak flow in hours.

Duration of rainfall or rainfall
excess in minutes or in hours.

= Time of concentration in hours.
= Time of concentration in hours for

sub-areas.

= Time in hours since rainfall excess

began.

Lag or the time interval in hours
from center of mass of rainfall
excess to center of mass of runoff.
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{, = Lag time in hours; the time interval
from center of mass of rainfall to
the resulting runoff peak; the time
of rise of the peak flow in an in-
stantaneous unit hydrograph.

V = Total volume of runoff in acre-feet.

W = A rainfall factor; weight.

X = A runoff factor equal to R../t; dif-
ference in elevation in feet of a
stream-bed at the culvert site and
at 0.7L upstream, in which L is the
length of the stream.

x = Part of length of drainage basin in
miles for sub-areas.

Y = A climatic factor equal to 1.008R/
R.; difference in elevation in feet of
a stream-bed at 0.7L upstream and
at the headwater, in which L is the
length of the stream.

Z = A peak-reduction factor equal to
Pt/1.008A.



. INTRODUCTION

A. SIGNIFICANCE AND PURPOSE OF THE STUDY

It is estimated that over 15% of the total cost
of the development of modern highways across the
country is spent on the construetion and mainte-
nance of minor drainage structures such as culverts
and small bridges. In view of this high percentage
of expenditure there is great need for improvement
in the design method for economical determinations
of the water-carrying capacity of these structures.

Current methods employed by most highway
engineers for the determination of waterway areas
involve the use of empirical approaches such as the
Talbot formula. Such approaches do not generally
encourage consideration of the many significant
factors involved in a given problem, but cause these
factors to be treated in a lump, usually by means of
a cocflicient. In the use of an empirical approach,
moreover, there is danger that the limitations are
often overlooked or ignored. Some judgment and
experience are therefore necessary for the applica-
tion of the empirical method, particularly in the
selection of the proper coefficients. Also, an inex-
perienced designer using the empirieal approach has
a tendency to overdesign the structure.

The purpose of the present study is to develop a
simple but scientific procedure for the use of engi-
neers in establishing economical and adequate
waterway arcas of small drainage structures. The
procedure would not rely so heavily on the judg-
ment of the designer as does an empirical approach.
[t could therefore be used easily by relatively inex-
perienced designers. The method developed can be
applied to any area for which hydrologic data are
available. The procedure presented is based on data
for Illinois and is therefore especially applicable
to this state.

The method thus developed should be useful not
only to highway engineers, but also to railroad and
agricultural engineers who design drainage struc-
tures, to practicing hydraulie engineers, and to hy-
drologists dealing with small rural drainage basins,

B. DEVELOPMENT OF THE STUDY

This study was started in the fall of 1952. En-
gineers of the Illinois Division of Highways were
not satisfied with existing methods (based on em-
pirical formulas) of designing the waterway open-
ings of culverts and other drainage structures. They
recommended a thorough analytical investigation
of the problem by the Department of Civil Engi-
neering as one phase of the Illinois Cooperative
Highway Research Program at the University of
Ilinois. By 1957 the Bureau of Public Roads had
become interested in the study and was participat-
ing in the project.

In the beginning, a compilation was made of
existing formulas and available literature related
to the subject. It was followed by a nation-wide
survey of drainage structure design practices
adopted by different state highway agencies. A
critical review of existing methods for the determi-
nation of waterway arcas was then made. In the
meantime work was also continued in two direc-
tions: one was the collection of hydrologic data
and their analysis and the other was the exploration
of available analytical methods for hvdrologie anal-
ysis. The outcome of this investigation, which con-
sidered all significant hydrologic factors involved
in the problem, was the development of a procedure
for the determination of design peak discharge of
small drainage basins for the design of waterway
openings. This procedure was proposed as a prae-
tical solution to the problem; it was later recon-
sidered for further improvement and then modified
and simplified. For the use of practicing engineers,
a design chart was prepared for the proposed
method for the conditions in the State of Illinois.

As a result of the intensive study, seven pre-
liminary reports were produced and submitted to
the members of the Project Advisory Committee
and to the sponsors of the project. After reviewing
these reports, the Committee recommended that the
proposed method should be made available to stu-
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dents of hydraulic engineering and to hydraulic
engineers. At its meeting of December 8, 1960, the
Committee recommended the preparation and pub-
lication of this final report summarizing the pre-
vious preliminary reports and presenting a compre-
hensive picture of the work done on the project.

C. SCOPE OF THE STUDY

This study deals with the determination of peak
discharge from small rural drainage basins in Illi-

nois, because such a determination is required for

an economical design of waterway areas of highway
culverts and small bridges.

This study consists of the following major

phases:

HYDROLOGIC DETERMINATION OF WATERWAY AREAS

(1) A compilation of existing formulas for wa-
terway area determination.

(2) An extensive review of available literature
on the subject and compilation of an annotated
bibliography.

(3) A historical review of engineering studies
and methods of waterway area determination.

(4) A survey by questionnaire of design prac-
tice employed by different state highway agencies
in the United States.

(5) Collection and analysis of available hydro-
logie data for small rural drainage basins.

(6) Development of a scientifie, simple, and
practical method for the determination of waterway
arcas and its simplification for practical design
purposes.



ll. A HISTORICAL REVIEW

A. GENERAL

A survey of the literature reveals that the engi-
neering studies on the problem of waterway arca
determination started as early as a century ago
when the survevor of London, John Roe, prepared
a drainage table for sewer sizes and slopes in 1852.
Records show that the studies in the United States
began about three-quarters of a century ago, when
the problem was first recognized by sewerage engi-
neers. About 25 years later the railroad engineers
began to be interested in it and continued to be so
during the subsequent 30 years. Then there was a
short period of recess before the highway engineers
and the water and soil conservation workers started
to investigate the problem. These investigations
have continued over the last 40 years.

A list of historical events in the chronological
development of engineering studies on waterway
area determination is presented later in Seetion
I1-]. The detailed review and discussion in the fol-
lowing articles are more or less in close chronolog-
ical order with the listed events.

B. THE MYERS FORMULA

Muajor E. T. C. Myers, Chief Engineer of the
Richmond, Fredericksburg, and Potomac Railway
shortly after the Civil War, is believed to be the
first American railroad engineer to propose the use
of a formula as a guide for determining waterway
areas. His formula was first presented by Clee-
mann"’* in a paper before the Engineers’ Club of
Philadelphia and was published in the Club’s Pro-
ccedings in 1879.

The Mpyers formula appears in the following
form:

A=CVD (1)

in which A = area of waterway in square feet
D = drainage area in acres
C = coefficient recommended to be 1.0 as
a minimum for flat country, 1.6 for

* Superseript mnnbers o paretheses vefer to “Appendis 11— Refer-
enees Cited."”

13

hilly eompact ground, 4.0 as a max-
imum for mountainous and rocky
country, and higher values in excep-
tional cases,

Cleemann suggested that the coeflicient (7 be
derived from careful and judicious gagings at char-
acteristic points within the region under treatment
and be applied liberally. Also, the formula should
be applied only to small structures, probably be-
cause the formula results in openings which are too
small for large drainage areas. The formula was
found satisfactory for regions adjacent to the line
of the Richmond, Fredericksburg, and Potomac
Railroad in the State of Virginia. Hence, it was
used widely by railroad engineers in the New Eng-
land states and generally in the eastern part of the
United States.

The Myers formula received many comments
after its publication. Among the comments, Well-
ington's editorial® is typical:

[t is natural for fallible man to wish to reduce every-
thing to rule, even if it be only a rule of thumb. The
responsibility of the individual is much diminished if he
has something of that kind to lean on, and in so doubtful
a matter as the proper size of culverts, this is especially
natural. It is well, however, to be certain that we are
not simply making a rule where there is no rule, and so
laying the foundation of future trouble, and we must
confess to doubts as to whether this is not the case with
the various formulas for proportioning the waterway for
culverts . . . when in addition the probable variations in
maximum rainfall and possible future changes in the con-
dition of the surfaces are considered, we ecannot but re-
gard the proportioning of culverts by a formula as
entirely futile. Even in the much simpler, because more
regular and determinable, problem of proportioning the
size of city sewers, many engineers claim that safety can
only be assured by comparison with experience with as
many similarly situated sewers as possible and then tak-
ing care not to overload the sewer after it is built; and
with much reason. For culverts, if we were called upon
to suggest a formula, we could do no better than this:

Estimate the necessary area as carefully as possible by
existing evidences of maximum flow, which let equal A.
Then will /84 equal the proper area for the culvert,
In more popular language: “Guess at the proper size
and double it.” We apprehend that this formula will
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give fur more satisfactory and trustworthy results than
that which our correspondent quotes (Myers’ formula),
or any other which purports to be of general application
to a problem subject to such extremely diverse condi-
tions.

It is apparent that the Myers formula was not
rational enough to be considered as a rigid rule,
and furthermore there was the danger of its being
abused rather than used intelligently and properly.
However, this formula has had two significant con-
sequences: to stimulate the development of other
formulas, and to inspire the later use of a device
called the “Myers scale” by C. 8. Jarvis in connec-
tion with the study of floods at the U. 8. Bureau of
Public Roads and U. 8, Geological Survey.

In 1926, Jarvis® modified the Myers formula
and broadened its use by the introduction of the
Myers scale. The Modified Myers formula is written

Q=100 p\/M (2)

in which @ = discharge in c.f.s.
M = drainage area in square miles
P = numerical percentage rating on the
Myers scale.

The advantage of the Myers scale is that it
furnishes a standard by which the flood flow char-
acteristics in different streams can be roughly com-
pared. In order to assist in visualizing the flood
potentialities of the various regions within the
United States, maximum flood flows have been ex-
pressed in per cent on Myers scale as experienced
at widely scattered stream gaging stations in this
country.™ The use of the Myers scale is ingenious,
but it was soon found to be too simple to be an
index representing the complicated nature of flood
flow.

C. PROFESSOR TALBOT'S RENOWNED FORMULA

A year after Wellington’s comment on the
Myers formula, Professor A. N. Talbot® of the
University of Illinois published (1887) his well-
known formula for determining the waterway area
of culverts, which has since been very widely
adopted in the United States. In deriving his for-
mula, Professor Talbot made use of the Biirkli-
Ziegler formula.® The latter is a storm water
runoff formula published by the Swiss engineer
Biirkli-Ziegler in 1880 and then introduced into
American practice by Hering™ in 1881.

The Biirkli-Ziegler formula for discharge ¢ in
c.f.s. per acre is written as

HYDROLOGIC DETERMINATION OF WATERWAY AREAS

AN
q=CI \/ T (3)

in which A = drainage area in acres

S = average slope of ground in feet per
1,000 feet,

I = average rate of rainfall in inches per
hour during the heaviest storm

C = coefficient depending on nature or rel-
ative imperviousness of ground sur-
face, equal to 031 for an average
condition, 0.20 for rural sections, 0.25
for farm country, 0.30 for village with
lawns and macadam streets, 0.65 for
ordinary ecity streets, and 0.75 for
paved streets and built-up business
blocks.

Professor Talbot derived his formula as fol-
lows:

Since by this formula (Eq. 3) the quantity of dis-
charge per acre varies inversely as the fourth power of
the area drained, the volume of discharge from the whole

. 4 A ]
area will vary as 4 4 T]i_ ,or A™; and, assuming the same

veloeity through the culvert as in the stream above, the
opening will vary likewise. This assumption will be true
when the grade of the culverts is the same as that of the
stream above and when the smaller coefficient of frietion
in the culvert over that of the ehannel itself is counter-
acted by the resistance to entering the eulvert. We may
then write

a=C YA or 4)

Area of water-way in sq. ft. =

C Y/ (Drainage area in acres)®

for which the coefficient €' must be determined.

By comparison with the formula of Biirkli-Ziegler and
with the flood flow of streams up to several of 77 square
miles area, I conclude that for rolling agricultural coun-
try subject to floods at time of melting of snow, and with
the length of valley three or four times the width, 14 is
the proper value of C. If the stream is longer in propor-
tion to the area, decrease (', In distriets not affected by
accumulated snow, and where the length of the valley is
several times the width, 15 or 14 or even less may be
used. € should be increased for steep side slopes, espe-
cially if the upper part of the valley has a mueh greater
fall than the channel at the culvert.

In any case, the judgment must be the main depend-
ence, the formula being a guide to it. On a road already
construeted the " may be determined for the character
of surface along that line by comparing the formula with
the high-water mark of a known drainage area. Experi-
ence and observation on similar water-courses is the most
valuable guide. A knowledge of the action of streams of
similar situations in floods and of the effects of peculiar
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formations and slopes i= ol far more value than any
extended formula.

In a subsequent discussion of his paper, Pro-
fessor Talbot proposed that “for steep and rocky
ground, C varies from 24 to 1.”

Concerning the diffieulty of developing a ra-
tional formula to determine waterway areas, Pro-
fessor Talbot listed the following considerations:

(1) The variation of the rate of rainfall in different
loealities.

(21 Paneity of data, since records are generally given
as =0 much per day and rarely per hour, while the dura-
tion of the severe storm is not recorded.

(3) The melting of snow with a heavy rain.

(4) The permeability of the surface of the ground,
depending upon the kind of =oil, condition of vegetation
and cultivation, ete.

(5) The degree of =aturation of the ground and the
amount of evaporation.

(6) The eharacter and inelination of the surface to the
point where the water aceumulates in the water-course
proper.

(7) The inclination or slope of the water-course to the
point considered.

(8) The shape of the area drained and the position
ol the feeders.

He emphasized that “any formula will be ap-
proximate, that the estimation of the values of the
different. conditions entering into the subjeet will
be almost wholly a matter of judgment, so that the
formula must be considered more as a guide to the
judgment than as a working rule.”

For estimating the discharge of a stream flow
i large drainage areas, Professor Talbot recom-
mended the Chézy formula for waterway area de-
termination.,

An investigation of the Talbot formula reveals
the following points of interest: The formula was
derived with special reference to areas under 77 sq.
ini. in size, although it has been applied to an area
as large as 400 sq. mi. Generally, the results are
much too high for large areas. Since this formula
was based on the runoff data of a large number of
observations in the Midwest, it does not take into
account the variation in intensity of rainfall, ve-
locity of flow, and frequency factor when applied to
other localities. Studies on results obtained by this
formula indicate that the maximum rainfall for
these observations was probably about 4 in. per hr.,
and the velocity in the observed cases was variable
but less than 10 ft. per sec.

Because of its simplicity the Tablot formula has
been widely used either in its original form or with

modified coefficients to meet local conditions. The
formula has been presented by charts® ' and
tables,"" and slide rules for solving it have been
developed.®

From the modern hydrologic and hydraulie
viewpoint, the Talbot formula gives only a very
crude answer to the problem. The formula assumes
that the waterway area is directly proportional to
the disecharge which varies with the 34-power of the
drainage area. This is not accurate for a reliable
design of numerous drainage structures being built
nowadays. The relationship between the waterway
area and the drainage area is far more complex than
the 34-power law; it depends on many physical
characteristies of the drainage basin, as well as on
the various hyvdrologic and hydraulic factors in-
volved in a given problem.

D. EARLY CONTRIBUTIONS BY SEWERAGE
ENGINEERS

Sewerage engineers are interested in waterway
area determination primarily for the purpose of
designing storm sewers. The Biirkli-Ziegler formula
mentioned in the previous article is one of the
earliest contributions by sewerage engineers.

One of the well-known contributions by sewer-
age engineers is the rational formula, which was
developed primarily for estimating rates of runoff
from urban areas. The origin of this formula is
somewhat obscure. In American literature, the
formula was first mentioned in 1889 by Emil
Kuichling.*® The runoff coefficient in the formula
was derived by him from measurements of rainfall
and of the flow in the sewers of Rochester, New
York, during the period from 1877 to 1888. Ac-
cording to Dooge,* the principles of the method
were explicit in the work of Mulvaney©® in 1851.
In England it is often referred to as the Lloyd-
Davis method and hence by implication aseribed to
his paper of 1906.¢'"

The rational formula is

Q=CIA (5)

in which @ = discharge in c.fs.
C = runoff coefficient depending on char-
acteristics of the drainage basin
I = rainfall intensity in inches per hr.
A = drainage area in acres

Many formulas have been proposed for esti-
mating the rainfall intensity in the rational formula
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(see Appendix I). The general form may be writ-
ten as
K};‘m
+ by @
in which ¢ = duration of rainfall in minutes
F = frequency factor indicating the fre-
queney of oceurrence of the rain-
fall
K, b and m, n = coefficient, constant, and exponents,
respectively, depending on condi-
tions which affect the rainfall in-
tensity

I___

When using the rational formula, one assumes
that the maximum rate of flow, due to a certain
rainfall intensity over the drainage area, is pro-
duced by that rainfall which is maintained for a
time equal to the period of concentration of flow
at the point under consideration. This is the time
required for the surface runoff from the remotest
part of the drainage basin to reach the point being
considered. In other words, the eritical duration of
rainfall ¢ in the rainfall intensity formula (Eq. 6)
should be equal to the time of concentration.

Values of €' commonly recommended for design
purposes are as follows:

Type of Drainage Area Runoff Coefficient, C
Business:

Downtown areas 0.70-0.95

Neighborhood areas 0.50-0.70
Residential:

Single-family areas 0.30-0.50

Multi units, detached 0.40-0.60

Multi units, attached 0.60-0.75

Suburban 0.25-0.40

Apartment dwelling areas 0.50-0.70
Industrial:

Light areas 0.50-0.80

Heavy areas 0.60-0.90
Parks, cemeteries 0.10-0.25
Playgrounds 0.20-0.35
Railroad yard areas 0.20-0.40
Unimproved areas 0.10-0.30
Streets:

Asphaltie 0.70-0.95

Concrete 0.80-0.95

Brick 0.70-0.85
Drives and walks 0.75-0.85
Roofs 0.75-0.95

Type of Drainage Area
Lawns:

Runoff Coefficient, C

Sandy soil, flat, 2% 0.05-0.10
Sandy soil, average, 2-7% 0.10-0.15
Sandy soil, steep, 7% 0.15-0.20
Heavy soil, flat, 2% 0.13-0.17
Heavy soil, average, 2-7% 0.18-0.22
Heavy soil, steep, 7% 0.25-0.35

The above values were reported by a joint
committee of the American Society of Civil Engi-
neers and the Water Pollution Control Federation
in “Design and Construction of Sanitary and Storm
Sewers,” ASCE Manuals of Engineering Practice
No. 37 and WPCF Manual of Practice No. 9, 1960.
They are applicable for storms of 5-year to 10-year
frequencies. Less frequent higher-intensity storms
will require the use of higher coefficients because
infiltration and other losses have a proportionally
smaller effect on runoff.

From the data of the American Railway Engi-
neering Association, Dr. J. A, L. Waddell"" has
compiled values of €' for different watershed sizes
as follows:

Drainage  Value  Drainage  Value  Drainage  Value
Area of Area of Area of

8. mi. (& S(]. mi. « S(]. mi. C
1,000, ... 0.95 8,000.... 0.49 15,000.... 0.32
2,000.... 0.82 9,000. ... 0.46 16,000. ... 0.30
3,000. ... 0.74 10,000.... 0.43 17,000.... 0.29
4,000.... 0.66 11,000.... 0.40 18,000.... 0.28
5,000. ... 0.61 12,000.... 0.38 19,000.... 0.26
6,000, ... 0.56 13,000. ... 0.36 20,000.... 0.26
7,000.... 0.52 14,000.... 0.34 21,000.... 0.25

These values are for average drainage condi-
tions in the United States and do not apply to
drainage basins which have exceptional runoffs.
The latter cases must receive individual considera-
tion.

The rational formula is based on a number of
assumptions. According to Krimgold, ' the as-
sumptions are:

(1) The rate of runoff resulting from any rainfall in-
tensity is a maximum when this rainfall intensity lasts
as long or longer than the time of concentration.

(2) The maximum runoff resulting from a rainfall
intensity, with a duration equal to or greater than the
time of concentration, is a simple fraction of such rain-
fall intensity; that is, it assumes a straight line relation
between @ and 7, and @ = O when [ = 0.

(3) The frequeney of peak discharges is the same as
that of the rainfall intensity for the given time of con-
centration.

(4) The relationship between peak discharges and
size of drainage area is the same as the relationship
between duration and intensity of rainfall.
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(5) The cocflicient of rimoff 1= the same for storms
ol varions frequeneies,

(61 The coctlicient of runoff ix the same for all storms
on e given witershed.,

It is believed that these assumptions might
coneeivably hold for paved areas with gutters and
sewers of fixed dimensions and hydraulie character-
ixtics. The formula has thus been rather popular
for the design of drainage systems in urban areas
and wirports, The exactness and satisfaction of
these assumptions in application to other drainage
basins, however, have been questioned, In fact,
nmany hydrologists > "™ have ealled attention to
the inadequacy of this method. Bernard®" had
attempted to modify the rational formula, but his
solution is hardly practicable for design purposes.
Another study by Gregory and Arnold®" resulted
in o general rational formula, taking into account
such factors as bhasin <hape and slope, the pattern
of the stremn system, and the elements of channel
However, the complexity of  the method
hinders its wide applieation,

Other well-known formulas developed by sewer-
age engineers includes the Hawksley formula of
1857, the Adams formula of 1880, the NeMath
formula of 1887, the Hering formula of 1889, the
Parmely formula of 1898, and the Gregory formula
of 1907, These formulas and many others are listed
in Appendix 1.

flow,

E. DRAINAGE TABLES OF RAILROAD ENGINEERS

Viarious drainage tables have been developed for
the determination of waterway arcas. These tables,
generally  prepared from the actual stream  flow
data, give the =ize of waterway for a given drainage
arci. The most popular and frequently  quoted
drainage table is the Dun waterway table or Dun
drainage table (Table 1) prepared by James Dun,
former Chicef Engineer of the Santa Fe railroad
systemn. The table was first published in 1906,
but Professor W. D. Pence® of the University of
Wisconsin pointed out that the forerunner of this
table was o drainage table of a somewhat smaller
range i==ued in 1897 in blueprint form.

According to Dun,®

The aecompanyving table has heen in use on the Santa
Fe System for the past 15 vears for proportioning water-
wiavs, In general, we have found this table to be suffi-
cient, and partieularly up to drainage areas of 5 square
mile=. Tn 1803, however, we noticed some floods in Cen-
tral Kansaz whieh exceeded the tables from 200 to 300
per cent. Also in the vear 1905 we had a series of Hoods

in the vicinity of Fort Madison, Towa, that far exeeeded
our tables. In one case, where the drainage area is about
150 square miles, the area of waterway was about 12,000
square feet, and the eurrent was so swift as to scour out
the stream to a depth of 40 feet. T believe, however,
that these floods are rare exeeptions and that it would
not pay a railway company or anyone clse to undertake
to provide for them.

The table referred to i= based upon observations taken
by me and others under my jurisdietion on floods in Mis-
souri, Kansas, Indian Territory and Texas. The section
of waterway at the contracted part of different streams
wits aecurately measured from time to time as Hoods
oceurred and the table was made up from these data.
Wherever possible, eross-=cetions were taken in the larger
streams at points where rock bluffs eame in on both sides
and where the stream has o roek bottom, thus eliminat-
ing the question of =cour. Thix, however, was not prae-
ticable in every case,

The Dun table was prepared from observations
taken along the line of the Santa Fe railroad system
in Missouri, Arkansas, Kansas, and Indian Terri-
tory. This region in general ix composed of steep
rocky slopes, and pereolation ix a small percentage
of the total rainfall. For other sections of the
Santa Fe line, Dun gave in his table coefficients to
be applied to the basie values listed. The use of
the table can apparently be extended to other
regions of comparable conditions.

Dun was of the opinion that his data could not
be expressed by a formula for practical use. How-
ever, Purdon®® has derived an approximate water-
way area formula based on Dun’s data: i

a=A4(240 - 12 4)) )

in which a = waterway area in square feet
A = drainage area in square miles

This formula applies to drainage areas of more
than 16 sq. mi. For small areas the waterway areas
should be inereased to allow for drift, ete.

The Dun data have also been expressed®® by a
curve of logarithmie plotting. Two curious breaks
can be found on the curve at drainage areas of
about 1 sq. mi. and 4 sq. mi., respectively. They
are probably due to the abrupt ehange in nature of
the rainfall intensity or in basin characteristics, or
to some other unknown reasons.

Other notable drainage tables developed in early
days and used in railroad engineering practice are:

(1) The “Table of Minimum Cross-Section
Areas for Waterways of Culverts and Small
Bridges” of the Pittsburg and Lake Erie Railroad.
In this table the runoff was calculated by the
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Table 1

The Dun Drainage Table
Atchison, Topeka & Santa Fe Railway System (1906)

Areas Areas of Waterway Areas Areas of Waterway
Drained - - Drained
in Square | Missouri Cast Pipe. Box and Arch Percentage of Column 2 in Square | Missouri Percentage of Column 2
Miles and Banks over 15 Culverts, Miles and
Kansas | Ft. Use 80 Per | 1st Fig. Diam. | Illinois Indian Texas New Kansas Ilinois | Indian Texas New
Cent 2d. Fig. Bench Territory Mexico Territory Mexico
1 2 3 4 5 (] 7 8 1 2 5 fi 7 8
.01 2.0 1-24 in. 2 xl B 24 1,060 110 i
02 4.0 1-24 “ 2 x2 v 26 1,100 110 02
.03 6.0 1-30 * 2 x3 A 28 1,140 110 92
04 7.5 1-36 “ 21gx3 " 30 1,180 110 92
05 9.0 1-42 * 3 x3 o East of  South of Use Use 32 1,220 East of Bouth of 110 92
.06 10.5 1-42 34x3 " Btreator Pureell Column  Column 34 1,255 Streator Purcell 110 92
07 12.0 1-48 3 x4 o use 60  use Texas b 2 36 1,290 use 60 use Texas 110 a1
.08 13.5 2-36 214x3 “  per gent  Column 38 1,320 per cent  Colunn 110 91
.0u 15 2.36 2lgx3 ¢ 40 1,350 110 ol
.10 16 2-36 * 3 x3 i 45 1,435 110 91
15 25 2-48 3 x4 ity 50 1,510 110 8014
.20 32 342 68 xi A 55 1,580 115 8914
.25 38 3-48 6 x5 - 60 1,650 115 8ulg
.30 “4 0 L. 6 xblq ¢ 65 1,720 115 88
.35 5l i B x4lg “ 70 1,780 115 88
.40 56 x 8 x5 v 75 1,840 115 88
.45 62 0 ... 8 x6 80 1,900 115 8614
.80 B8 0 s 8 x6 o 85 1,460 115 8614
.55 L 8 xBlg " 90 2,015 115 8614
.60 L I - 10 x4l 95 2,065 115 8614
.65 78 . 10 x5 100 2,120 120
.70 8L G 10 x54 110 2,220 120 85
.75 . u 10 x6 g 120 2,315 120
.80 B ... 10 x6lg * 130 2,405 125 8314
.85 Bl. s 10 x6 A 140 2,500 125 8314
.90 04 ave 10 xBlg 15 2,580 130 82
.95 L 7 (5 ¢ S 12 x5 . 160 2,665 130 82
1.0 100 12 =5 " 14 170 2,745 130 8014
1.1 110 12 x6 105 08 180 2,820 130 8014
1.2 120 12 7 " 105 08 190 2,900 130 79
1.3 130 12 x8 105 08 200 2,970 130 79
1.4 140 14 x6% " Westof Northof 105 98 220 3.115 West of North of 130 TiM
1.5 150 14 x7 ' Btreator  Purcell 105 98 240 3,245 Streator  Purcell 130 T7l4
1.6 160 16 x614 " use 80 use Col- 105 a8 260 3,370 use 80 use Col- 130 76
1.7 170 16 x7 ‘" pereent umn2 105 98 280 3,405 per cent  umn 2 130 76
1.8 180 16 x7Tlg 105 08 300 3,615 130 T4lg
1.9 190 18 xB - * 105 08 325 3,770 130 T4lg
2.0 200 18 x7 " 105 08 350 3,000 130 73
2.2 220 18 x8 e 105 98 375 4,035 130 73
2.4 240 18 x9lg * 105 98 400 4,165 130 Tllg
2.8 260 20 x8 ¢ 105 450 4,385 130 70
2.8 280 20 x9 105 98 500 4,610 130 6814
3.0 300 20 x99y 105 0814 550 4,825 130 67
3.2 321 22 x8l4 105 9814 600 5,030 130 6514
3.4 340 22 x9 o 1045 98 650 5,230 130 64
3.6 357 24 x84 105 98 5,420 130 6214
3.8 a73 24 x9 105 081g 750 5,610 130 61
4.0 388 28 X7 - 105 97 80O 5,800 130 5914
4.2 403 28 xTW 105 a7 850 5,800 130 58
4.4 417 28 x8 105 97 8900 6,080 130 5614
4.6 430 28 x84 105 a7 a50 6,230 130 e
4.8 443 28 x99 105 a7 1,000 6,380 130
5.0 455 28 x93 " Westof North of 105 97 1,100 6,705 West of North of 130
5.5 483 28 x10 *  Streator Purcell 105 97 1,200 6,960  Streator Purcell 130
6.0 509 32 x7Tw " use 80  use Col- 105 97 1,300 7,230 use 80  use Col- 130
6.5 533 32 x8 " percent umn2 105 a7 1,400 7,480 per cent umn 2 130
7.0 556 32 0 ¢ 105 a7 1,500 7,725 130 AR
7.5 579 32 x10 "  Eastof South of 105 97 1,600 7,960 East of  South of 130 HRE
8.0 601 32 x11 *  Streator Purcell 105 97 1,700 8,105 Streator  Purecell 130 -
8.5 622 32 xl1l1g ™ use 60  use Texas 105 a7 1,800 8,300 use 60 use Texas 130 Shass
9.0 8l i 32 x12 *  percent Column 105 9314 1,900 8,625 per cent  Column 130 )
9.5 660 i 32 x124 " 105 0931q 2,000 8,820 130 3
10 679 ..., 2 x13 ¢ 105 09314 2,200 9,240 130 s
11 710 i 105 031q 2,400 9,605 130 :
12 740 ..., 105 Qﬂﬁ 2,600 9,970 130
13 775 i Bridges de- 105 93 2,800 10,320 130 ;
14 805 e signed to 105 %iz 3,000 10,640 130 Y
15 BEE. . Wi 3 provide area 105 093 3,500 11,445 130 .
16 865 according to 105 94 4,000 12,160 130
17 B0 . Geaeee cirenmstances 105 94 4,500 12,825 130 -
18 920 105 04 5,000 13,500 130 iy
19 L 105 04 5,500 14,080 130 i
20 a70 i 105 094 6,000 14,520 130 .
22 1,015 Faa 105 04 6,500 15,140 130

The above classification by states is for convenience only, and merely denotes the 1 char istics of t‘?ugraph and rainfall,

Column 2 in this table is prei)ared from observations of streams in Southwest Missouri, Eastern Kansas, Western Arkansas and the southeastern
rtions of the Indian Territory. In all this region steep, rocky slopes prevail and the soil absorbs but a small rcentag[g of the rainfalls, It indicates
rger waterways than are required in Western Kansas and level portions of Missouri, Colorado, New Mexico and Western Texas,
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Biirkli-Ziegler and MeMath formulas (Appendix 1)
with maximum rainfall equal to 3 in. per hr. and a
runoff coefficient of 0.3. The assumed maximum
veloeity for eulvert running full is 6 ft. per sec,,
that is, the maximum discharge in e.f.=. is equal to
6 times the opening in sq. ft.

(2) The “Drainage Table of El Paso and South
Western Railway” compiled under the direction of
James Dun:

Table 2
Drainage Table of El Paso and South Western Railway

Dirainage Area  Waterways Dirainage Area  Waterways

st). i, 5. ft. Hi]. M. sep. ft.
18.8 4.6 353

31.4 a. 428

51.0 7.2 508

7410 9.5 (28

102.0 12 .4 756

134.0 15.8 B78

170.0 19.9 u78

209.0 24.6 1,088

280.0 30.2 1,199

In this table, the waterway area is that which is
supposed to be adequate on steep rocky slopes
where very little rainfall iz absorbed. The arca
should be multiplied by a coefficient greater than
1 for exceedingly mountainous country and less
than 1 for comparatively level country. The cocffi-
cients may vary from 0.50 for flat country with
porous soil to 1.50 for rocky mountain gorges.

(3) The table of “Data for Concrete Arches and
Waterway Areas, 1908" for Missouri, Kansas and
Texas Rallway. This table was constructed on the
basis of the Talbot formula, using ' = 1.1 for
steep, 0.85 for medium, and 0.60 for flat lands.

(4) The “Table of Areas Drained by Culverts
and Bridges” by Mississippi River and Bonne Terre
Railway, prepared under the direction of James
Dun for use in the Boston Mountain country of
Northwest Arkansas. This table was construeted
more or less on the basis of the original Dun drain-
age table. Where the land is not so rugged and
water collects more slowly, the size of opening
should be reduced somewhat, as judgment direets.
The maximum velocity was assumed to be 7 ft.
per see.

(5) The table for “Dimensions of Pipe and
Culvert Openings” by Mobile and Ohio Railroad.
This table was derived from the Talbot formula in
which the coefficient €' varies from 0.2 for level
land, 0.4 for rolling land, and 0.6 for hilly land to
0.8 for mountainous regions. It was recommended
that no drain less than 24-in. diameter be used and
that all drains over 4 feet in diameter be of con-
crete.

F. DEVELOPMENT OF NUMEROUS
OTHER FORMULAS

Since the problem of waterway arca determina-
tion was of interest to the sewerage and railroad
engineers, a great number of methods involving the
use of formulas, tables, and charts were developed
and proposed for design purposes. This develop-
ment almost reached its elimax during the time the
American Railway Engineering and Maintenance
of Way Association held its Twelfth Annual Con-
vention at the Congress Hotel, Chicago, Illinois, on
Mareh 21 to 23, 1909. During the convention, the
Sub-Comuittee on Formulas for Waterways pre-
sented a report®® which contains a description of
formulas for waterways. In Appendix A of this
report, “Waterway for Culverts” by W. D. Pence,
a brief historical account, compilation and compari-
son of formulas, permissible veloeity, and other
features are given. Appendix B lists data on the
maximum flood flow of stream in various sections
of the United States. Appendix C contains an index
to literature on the subject of waterways for cul-
verts and allied topies. This report was published
in 1911 together with an earlier report presented
at the Tenth Annual Convention of the Association.
This report®® contains important discussions and
reviews of current practice with reference to the
methods of dimensioning waterways that had ap-
peared in publications® ' of two representative
technical societies, Together they contain a very
comprehensive survey of the methods and prae-
tices current at the time, as well as many authori-
tative comments on the subject.

The problem of waterway area determination
has also been investigated in other countries. Be-
sides the well-known Biirkli-Ziegler formula de-
veloped in Switzerland, there were the Chamier
formula of 1898 in London, the Possenti formula of
1881 in Vienna, the Lillie formula of 1924 in Lon-
don, the Lauterberg formula of 1887 in Germany,
the Craig formula of 1868 in England, the Wood
formula of 1917 in New Zealand, and the Kresnik
formula of 1886 in Vienna. Even recently (1951)
the Russian Scientific Academy formula was pub-
lished in U.S.S.R. and the Ribeiro formula was
published in Brazil. These formulas and many
others are listed in Appendix I.

An early study of waterways for culverts, which
included a compilation of formulas, was carried out
as a thesis investigation by A. F. Gilman and G. W.
C‘hamberlain in 1909-1910, under the direction of



20 BULLETIN 462. HYDROLOGIC DETERMINATION OF WATERWAY AREAS

Professor W. D. Pence, at the University of Wis-
consin. A digest of the thesis material was incor-
porated in a report®® in 1909.

At a later date (1934), T. M. Munson®? listed
36 formulas and 4 sets of curves used at the time
of his study in determining runoff and sizes of
highway and railroad drainage structures.

Many of the published formulas, such as the
Biirkli-Ziegler formula and the Talbot formula,
have been very popular for many vears. Based on
local experience, various coefficients were developed
to satisfy the local conditions. However, most engi-
neers have never been satisfied with the wide range
of aecuracy provided by these formulas.

G. EFFORTS OF AGRICULTURAL ENGINEERS

Since the formation of the Soil Erosion Service,
the forerunner of the Soil Conservation Service, in
1933, and the establishment of the CCC (Civilian
Conservation Corps) camps in the following year,
the soil and water conservation engineers began to
work actively in the construction of many drainage
structures on small drainage basins. This stimu-
lated the need for a reliable and practical method
to determine design discharges for these structures.

One of the early efforts made to satisfy this need
consisted of the well-known Ramser curves.®® 1t
is believed that these curves paved the way for the
development of the refined procedure of waterway
area determination later used by the Soil Con-
servation Service and the Bureau of Public Roads.

Ramser presented three sets of curves, giving
runoff in e.f.s. for drainage basins of different char-
acteristics and of sizes up to 30 acres for 10-year
rainfall frequency and from 30 to 1,000 acres for
10- and 50-year rainfall frequencies. The discharge
shown by the curves is for the region covering
Pennsylvania, Ohio, Indiana, Illinois, Wisconsin,
Minnesota, South Dakota, Nebraska and parts of
their neighboring states. For other regions the
value may be multiplied by a factor of rainfall
intensity ratio.

The Ramser curves were computed by the ra-
tional method with values of C and of times of con-
centration based largely on the results of measure-
ments made in 1918 on six small drainage basins,
1.25 to 112 acres, near Jackson, Tennessee.*?) Rain-
fall intensities for various durations and the 10-
and 50-year frequencies were taken from Meyer’s
book on hydrology.®” The curves were extended
beyond Meyer’s ranges after the Yarnell rainfall

intensity frequency data were published in 1935.¢Y

However, actual experience showed that Ramser
curves could not be applied over a wide range of
conditions as are encountered in the United States.
The curves were later gradually abandoned because
more information was needed on values of , and
also because the estimation of the time of concen-
tration is uncertain and hence would affect the
accuracy of the results.

In seeking a reliable coefficient of runoff to be
used in the rational method, the Soil Conservation
Service established runoff and experimental drain-
age basin studies™® in widely separated locations
as early as 1938. The studies covered a broad range
in topography, soils, vegetal cover, and tillage
practices. The results obtained indicated that the
coefficient of runoff and the time of concentration
could be employed very reliably in the rational
method. However, the assumptions underlying the
method were found to be inadequate and inappli-
cable to small rural drainage basins. Character-
istics and conditions of such drainage areas, as well
as of the channels, are greatly affected, not only by
the amounts and intensities of rainfall, but also by
other climatic factors and by land use, tillage, and
cropping practices. In the meantime, Krimgold©®
made a study on the relation of peak rates of runoff
to rainfall intensities for drainage basins of various
sizes and locations, but failed to show the signifi-
cance of such a relation. He also pointed out that
the frequency of runoff cannot be the same as the
frequency of rainfall intensity which is assumed
in the rational method (Section II-D). He sug-
gested a frequency study of the recorded peak
discharges and then derived the frequency curves
for the Claypan Prairies®® and other areas.

The Soil Conservation Service later developed a
procedure known as the Cook method™ after
Howard L. Cook, in which the working curves are
based on the results of runoff studies undertaken by
the Bureau of Agricultural Engineering in its cen-
tral distriet and on representative formulas of
flood flow and runoff coefficients then in use in the
North Central States. The method has been modi-
fied by M. M. Culp and others.®® In this pro-
cedure, the probable maximum peak discharge from
a given drainage basin is computed as the product
of three factors, namely, the peak flow P in c.fs.,
the rainfall factor R, and the frequency factor
F; or

Q=PXREXF (8)
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Table 3

Runoff Producing Characteristics of Drainage Basins with Corresponding Weights W
(The weights are shown in brackets)

21

Runofl Producing Characteristies

(100}
Extreme

(40)
Steep, rugged, terrain, with
avernge slopes generally
above 30 per eent

(200
No effective soil cover;
cither rock or thin soil
mantle of negligible infiltra-
tion capacity.

(20)
No effective plant cover;
hare except for very sparse
cover,

(200
Negligible; surface depres-
sions are few and shallow;
drainage-ways steep and
small; no ponds or marshes.

(75)
High

(50)
Normal

(25)

Low

L (30
Hilly, with average slopes
of 10 to 30 per cent

(13
Slow to take up water; clay
or other soil of low infiltra-
tion eapacity, such as heavy
gumbao.

(13)
Poor to fair; clean-cultivated
erops or poor natural cover;
less than 10 per cent of
drainage arca under good
cover,

(15)
Low; well-defined system of
small drainage-ways; no
ponds or marshes,

. (200
Rolling with average slopes
of 5 to 10 per cent

(10)
Normal, deep loam with
infiltration about equal to
that of typical prairie soil.

(10}
Fair to good; about 50 per
cent of drainage area in
good grassland, woodland,
or equivalent cover; not
more than 50 per cent of
area in elean-cultivated crops.

(10
Normal; considerable surface-
depression storage; drainage
system similar to that of
typical prairie lands; lakes,
ponds and marshes less than

(10)
Relutivel‘\lr flat land, with
average slopes of 0 to 5
per cent

(5)
High; deep sand or other
soil that takes up water
readily and rapidly.

(5)
Good to excellent, about 890
per cent of drainage area
in good grassland, wood-
land, or equivalent cover.

(6]
Higl; surface-depression
storage high; drainage
system not sharply defined ;
large fluvod-plain storage
or a large number of lakes,

The peak flow P is estimated from a chart in
Figure 1. Tt depends on runoff producing character-
isties whieh are measured by the summation of
welghts as shown in Table 3. For a given drainage
arca, the runoff producing characteristies are evalu-
ated by the sum of the weights, 1V, counted for
different conditionsz. The peak discharge P is then
determined with this value of X1 from the chart.
The rainfall factor R varies with location as indi-
cated in the map of Figure 1. The frequency factor
F s 1.00 for 50-year frequency, 0.83 for 25-vear
frequency, and 0.71 for 10-year frequency. For
example, the arca of a drainage basin in Pike
County, Illinois, is 440 acres. The runoff producing
characteristies of the drainage basin are evaluated

as follows:
Basin Characteristics Weights, W

Relief: slightly rolling with

average slopes of 5 to 16% 20
Soil Infiltration: normal 10
Vegetal Cover: fair 10
Surface Storage: normal 10

W = 50

From the chart, with %I = 50 and drainage
area of 440 acres, P is found to be 750 c.f.x. From
the rainfall factor map, R = 0.9. For a frequency
of 25 years, F = 0.83. Thercfore the peak discharge
Q= 750 X 0.90 X 0.83 = 560 c.[.s. In applying
this method to drainage arcas larger than 600 acres,

2 per cent of drainage area. ponds or marshes.

however, other methods of runoff determination
should be used to aid the judgment in arriving at
proper peak rates.

In recent yvears the U, S. Agricultural Research
Service has developed a method of hydrograph syn-
thesis for estimating flow characteristies from the
physiographie features of small drainage areas,®®
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Figure 1. Chart and map for peak flow determination
by the Cook method
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The method involves (1) estimation of a char-
acteristic lag time from readily determined basin
parameters, (2) use of the basin lag time to predict
the hydrograph peak rate for an assumed total
volume of runoff, and (3) synthesizing the entire
hydrograph using the lag time, the estimated peak
rate, and a standard dimensionless hydrograph.

In developing the method of hydrograph syn-
thesis, multiple correlations of lag time with vari-
ous combinations of basin and channel slopes and
lengths, drainage density, shape, and size were
made. Of some 50 such multiple correlations a
formula for lag time was derived. The lag time ¢,
is defined as the time interval measured from the
center of mass of a block of intense rainfall to the
resulting peak of the hydrograph. The formula for
t, in hours proposed by the Agricultural Research
Service is

t, = 175K, (€))
where K, is a lag-time factor or
0.3
K, AT (10)

T SA/DD.

in which A = drainage area in acres
S, = average land slope of the drainage
basin in percentage
D.D. = drainage density, this is total length
L, of visible channels divided by
drainage arca A, expressed in feet per
acre.

The lag time was found to be a major determi-
nant of the hydrograph shape, and hence a correla-
tion of the lag time with the ratio of the peak rate
of runoff to the total runoff volume was obtained.
Thus,

gp = 08—

(11)
lp
in which g, = peak discharge in ¢.f.s.
V' = total runoff volume in acre-feet

t, = lag time in hours

A generalized dimensionless hydrograph was
also developed. The coordinates of the hydrograph
are expressed respectively in the ratio of discharge
to peak discharge and in the ratio of time to lag
time. By means of this hydrograph and the esti-
mated t, and g, by the above-mentioned formulas,
the synthesized hydrograph can be constructed.

The development of the above method is based
on the analysis of rainfall and runoff records for
14 experimental drainage basins in Arizona, New
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Mexico, and Colorado. The results were found to
be satisfactory for these regions. For other regions,
new correlation formulas may be necessary. The
method generalizes the rainfall pattern, soil condi-
tion, land use, and other factors. It ignores the
frequency factor which should be considered in the
computation of the total runoff volume.

The U. 8. Soil Conservation Service has pro-
posed another method of hydrograph synthesis for
developing design hydrographs.®” In brief, this
method involves the following steps:

(1) Take a maximum probable 6-hour point
rainfall amount for the appropriate geographical
location of the structure.

(2) Modify the 6-hour point rainfall amount to
account for size of drainage area above the struc-
ture in accordance with a given synthetic rainfall
depth-area relationship.

(3) Develop a rainfall hyetograph for the modi-
fied 6-hour point rainfall in accordance with a
given synthetic hyetograph distribution pattern.

(4) Determine the hydrologic soil-cover com-
plex number of the drainage basin above the strue-
ture. The number shows the relative value of the
hydrologic soil-cover complexes as direct runoff
producers. The higher the number, the greater the
amount of direct runoff to be expected from a
storm. The numbers for various land uses, crop
treatments, hydrologic condition, and hydrologic
soil groups were prepared using data from gaged
drainage basins with known soils and cover.

The determination of the soil-cover complex
number is done with reference to both soil cover
and soil type.

The soil cover, as described from the hydro-
logic point of view, is given as either good, fair, or
poor, depending on the infiltration capacity. A soil
cover of high, medium, or low infiltration capacity
is described as being of good, fair, or poor condi-
tion respectively.

The soil types are classified on the basis of
intake of water at the end of long-duration storms
occurring after prior wetting and opportunity for
swelling, and without the protective effects of vege-
tation. The major hydrologie soil groups are:

Type A (lowest runoff potential) includes deep
sands with very little silt and clay; also deep,
rapidly permeable loess.

Type B includes mostly sandy soils less deep
than type A, and loess less deep or less aggregated
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than type A, but the group as a whole has above-
average infiltration after thorough wetting.

Type ' comprises shallow soils and soils con-
taining considerable clay and colloid, though less
than those of type D. This type has below-average
infiltration after pre-saturation.

Type D (highest runoff potential)  includes
mostly elays of high swelling per cent, but the type
also includes some shallow soils with nearly imper-
meanble subhorizons near the surface.

A classifieation of about 2,000 major soilz of
continental United States into the above four types
was made available by the Serviee. ¢

(5) Determine the dircet runoff @ in inches by
the following formula:

(1’(’ _ Z{Ji] o )
— (12)
R+ hU{} _g

in which £ = rainfall in 111{<|w:-' from step (3)
N = hydrologic zoil-cover complex number
from step (4)

Apparently, Equation 12 becomes invalid when
R < (200/N-2). Tor a value of R equal to 200/
N-2, @ will be zero. For R values greater than this
quantity, the @ versus R relationship is good. For
R values less than this quantity, @ has a positive
value, even when R equals zero. Obviously, the
equation must be modified o that when R < (200/
N-2), Q is taken as zero. In the practical applica-
tion, the relationship would probably never be ap-
plied in this lower range. Therefore, the equation
is not valid for these lower values.

The above equation was derived by plotting
=torm rainfall versus direct runoff for observed
floods and correlating the results with the field
hydrologie soil-cover complex numbers for an aver-
age antecedent moisture condition,

(6) Correct the direet runoff values obtained in
the previous step for high or low antecedent condi-
tions if the design criterion is not for an average
antecedent condition.

(7) Obtain the dircet runoff from the previous
step for uniform time intervals in the synthetic
hyetograph.

(8) Compute the time to peak (7,), base time
(Ty), and peak discharge (q,) of a triangular hy-
drograph for the direct runoff in each time interval
of the hyetograph by the following equations:

T, = "23 + 0.6 (13)

in which 7', = time from beginning of dircet runoff
to peak in hours
D = time interval of effective rainfall in
hours
T, = time of concentration in hours

T, = 2.67T, (14)
in which 7 = base time of the triangular hydro-
graph
il . (15)
T;)

in which ¢, = peak rate of flow in e.f.s.
A = drainage area in square miles
@ = direct runoff in inches

(9) Add all the triangular hydrographs and thus
obtain a eomposite hyvdrograph. The latter is the
design outflow hydrograph for the drainage basin.

The Soil Conservation Serviee method is too
complicated. It appears that certain details in this
method can be simplified or modified in order to
arrive at a simple method that can be used for
practical design of waterway areas.

Another activity of agricultural engineers has
been the provision of basic hydrologic information
for use in the design of small drainage structures.
The U. & Agricultural Research Service has re-
cently published valuable hydrologie data for small
agricultural drainage basins:

“Monthly Preeipitation and Runoff for Small

Agricultural Watersheds in the United States,”
since July, 1957.

“Annual Maximum Flows from Small Agricul-
tural Watersheds in the United States,” since
June, 1958.

“Selected Runoff Events for Small Agricultural
Watersheds in the United States,” since Janu-
ary, 1960.

These data should be of great use to the future de-
velopment of methods for waterway area determi-
nation.

H. DEVELOPMENTS BY HIGHWAY ENGINEERS

Since the beginning of the period of rapid ex-
pansion of highway constructions at about 1920,
highway engineers have been much interested in the
unavoidable problem of waterway area determina-
tion for their drainage structures. At the early
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Figure 2. Chart for computation of design discharge by the California method
Source: California Division of Highways

stage, the highway practice in designing drainage
structures was based almost entirely on the experi-
ence of railroad engineers and some sewerage engi-
neers. Even at the present time, many highway
engineers are still using the Talbot formula and the
Dun table, which were developed primarily for
railroad engineers, or the rational formula, which
was proposed for sewerage enginecrs.

The interest in waterway area determination by
highway engineers is reflected through the many
papers published by highway agencies and pre-
sented in highway engineering conferences. Most
of them recommend the use of formulas, charts, and
modified rational methods=. One of the first compre-
hensive studies was made by the Oregon State
Highway Commission in 1934.¢"  This bulletin
contains a general deseription of the economie de-
sign of waterway arcas and the results of researeh
by the Oregon Highway Department during the 15
years preceding the time of publication. It treats

both hydrologic and hydraulic aspeets of the
problem.

Rowe and Thomas of California State Depart-
ment of Highways presented a new formula for
design discharge in the form of a nomograph in
1942.4% This study was later expanded and revised
under the supervision of Rowe and published in a
bulletin entitled “California Culvert Practice,”¢®
The nomograph is shown in Figure 2. In comput-
ing a design discharge from the nomograph, five
factors are considered: channel slope and length,
rainfall intensity-frequency, drainage area, and
basin texture. This California method iz based on
the rational formula and hence is subject to the
same eriticisms as that formula.

Other early papers on the subject of waterway
areas for highway engineers in the hydrology field
include those by Houk™"” in 1922, by Springert?
presented to Road School at Purdue University in
1931, by Greve® in 1943, by Mavis®™® in 1946,
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Figure 3. Peak rates of runoff for drainage basins under 1,000 acres
{from Bureau of Public Roads Manual, August, 1951)

Figure 4. Raoinfall factors — use with Figure 3 in estimating
peak rates of runoff (from Bureau of Public Roads Manual,
July, 1951)

by Merrel“® and Exum® presented to the Ohio
Highway Engincering Conference in 1951, by Iz-
zard @547 i 1951 and 1952, and by Bossy©% in
1952,

The research engineers of the Bureau of Publie
Roads have recognized the fact that the determina-
tion of waterway arcas <hould be considered in two
steps. The first is to estimate the peak discharge
of a given frequeney and the second is to determine
the physieal dimensions relating to the culvert site
and thus to find the size of culvert required. In
developing the research work, the Bureau had the
cooperation of the U, 2. Soil Conservation Serviee
and the UL 8, Geologieal Survey. The experimental

drainage basins established by the Soil Conserva-
tion Service supplied most of the runoft data®” for
small agricultural drainage basins of less than 1,000
acres with different types of land use in the humnid
region of the United States, ranging from Maryland
to Nebraska and south to Texas. Based on the
statistical analysis of these peak rates of runoff and
the Yarnell rainfall intensity data, the Burcau de-
veloped a method, the BPR method, which consists
of the use of two charts as shown in Figure 3 and
Figure 4.0 2

The proeedure involved in the BPR method is
similar to the Cook method of the Soil Conservation
Serviee deseribed previously. In this method, the
design peak discharge from a given drainage basin
is computed as the produet of four factors; namely,
the rainfall factor RF, the land use and slope factor
LF, the frequency factor FF, and the peak rate of
runoft ¢ for mixed cover in humid regions with a
frequeney of 25 years and rainfall factor of
unity, or

Quesizn = RF X LF X FF X Q (16)

The rainfall factor is obtained from Figure 4. The
land use and slope factor and the frequency factor
arc to be sclected from the table in Figure 3. The
discharge Q is to be sclected from the curve in
Figure 3 corresponding to the given drainage area
in acres. This eurve is applieable to localities where
the 25-year frequency of one-hour rainfall has an
intensity of approximately 2.75 in. per hr. For
other localities the peak rate of runoff should be
increased or deereased in proportion to the one-hour
rainfall intensity for this frequency, This eorree-
tion is to be applied by means of the rainfall factor.

[t is understood that the land use factors given
in Figure 3 are most reliable for steep land since
all of the observed data were for steeply sloping
land. The factors for flat and very flat land are
estimated from limited data on the effect of slope
on rates of runoff from test plots under simulated
rainfall with allowance for inereased channel stor-
age. 1t is therefore noted that land use and slope
factors for flat and very flat land slopes are subject
to revision when more observed data become
available.

Like the Cook method the BPR method appears
to be practical and simple. However, the land use
and slope factor is still subject to a certain amount
of personal judgment. Furthermore, sinee the
method ix based on the data of different geographie
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locations, its application to a specific region will
give only a general estimate of the design discharge.

In order to consider the climatic and topo-
graphic features of a special region, the multiple
correlation method has also been used to determine
discharge from drainage areas over 100 acres. Pot-
ter® 50 of the Bureau of Public Roads applied the
method to the analysis of runoff data from 51
drainage basins in the Allegheny-Cumberland Pla-
teau ranging from 100 to 350,000 acres in size. A
correlation of the runoff data to topography of the
drainage basins as well as to rainfall data from 89
stations in the region resulted in a correlation
formula:

Q = (0.038 A0 Jro.nn4 W (17)
in which Q = 10-year discharge in c.f.s.
A = drainage area in acres
W = a given rainfall factor
T = slope factor given by
0.7L 0.3L
T ————— ——— e 18
V' X/0.7L V'Y /0.3L (18)

in which L = length of stream in miles
X = difference in elevation in feet of the
streambed at the culvert site and at
0.7L upstream
Y = difference in elevation in feet of the
streambed at 0.7L and at the head-
water

The problem of waterway area determination is
continually of keen interest to highway engincers.
This is indicated by various research projects on
this subject sponsored by many state highway
agencies either with or without the cooperation of
the Federal highway agency. For example, a study
made by Kentucky Department of Highways is re-
ported by E. M. West and W. H. Sammons,¢®
Many states are installing stream gages at the cul-
vert sites for collecting data for future analysis and
use in the determination of culvert areas.

I. CLASSIFICATION OF EXISTING METHODS

From a comprehensive study of available litera-
ture in this investigation, the existing methods of
hydrologic determination of waterway areas may
be classified into the following categories:

(1) Method of Judgment. By this method, the
determination of waterway areas is dependent on
practical experience and individual judgment. The
judgment developed by the engineer is invariably

guided by personal observation and general infor-
mation collected on the ground such as flood height,
size of channel, openings in the vieinity carrying
the same stream, ete. This may be a satisfactory
method if the judgment is good. However, the dis-
advantage lies in the fact that no judgment can be
perfect because the conditions vary so greatly from
problem to problem. Also, the method is not valid
for beginners or for those who have little practical
experience.

(2) Method of Classification and Diagnosis. By
this method, drainage arcas are classified and pre-
seribed for different sizes and kinds of openings, the
limits for each opening allowing variations to be
made according to the loeal conditions, topography,
slopes, soil, rainfall, ete. This method has some
advantages if a table is prepared with reference to
a specifie territory so that due allowance can be
made for the variable rainfall conditions and the
prevailing regional characteristies of the territory.
A glance at the table serves to indicate the general
class of opening required. The final determination,
however, will still be dependent on individual judg-
ment and a personal examination of the area.

(3) Method of Empirical Rules. An empirical
rule of thumb is usually developed to replace judg-
ment. Such methods were used frequently in the
early days, but have now become almost obsolete
because of their crudeness and the development of
better methods.

(4) Method of Formulas. By this method, a
formula is developed to determine the waterway
area. In Appendix I, a compilation of a large num-
ber of formulas is presented. The formulas range
from simple to complex ones; many like the Talbot
formula® are still very popular in engineering
practice. The use of a formula may generally cast
a certain amount of sclentific glamour on the
method. The greatest merit of formulas is their
funetion of serving as a guide to determine quickly
the general range of the probable minimum, maxi-
mum, and average values, The method ean also be
considered as practicable and servieeable for rough
caleulations. However, the disadvantage of the
method is the uncertainty involved in the selection
of the proper coefficient in most formulas in order
to meet closely the conditions of the problem under
consideration.

(5) Method of Tables and Curves. Instead of
formulas, tables and curves are sometimes prepared
to serve the same purpose. The Dun table®? is a
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prominent example. The simplicity of this method
is its chief advantage. However, the table or curve
is too simple and does not usually include the con-
sideration of the many variables involved in the
problem.

(6) Method of Direct Observations. This method
involves making careful field surveys of drainage
arca and stream characteristies and then making a
precise hydrologic analysis and hydraulic study.
Finally, it is used to arrive at the required size and
shape of the waterway which will carry off the
water quickly and without causing either scouring
or deposition in the channel.

(7) The Rational Method. This is a method
which is based on the rational formula, such as the
California method“” or the Gregory and Arnold
method. v

(8) Method of Correlation Analyses. This
method involves the correlation of important ly-
drologic factors by statistical analysis. The result
may be represented by a formula or nomograph for
practical applications. The Cook method,® the
BPR method,® ** and the Potter’s multiple corre-
lation method " ** gre examples,

(9) Method of Hydrograph Syntheses. By this
method, the hydrograph theory is used to derive a
svathetic hydrograph for design purposes. The U. S.
Agricultural Research Service® and Soil Conser-
vation Service®” have developed such methods.

J. CHRONOLOGICAL DEVELOPMENT

From a historical review of the literature and
the study of existing methods, it appears that the
development of engineering studies of hydrologie
determination of waterway areas could be deseribed
by a series of significant events. A list of such
events is:

1852 Preparation of a table expressing the relation
between the diameter and slope of a circular
outlet sewer and the size of its drainage area
by Jolm Roe, Surveyor of the Holborn and
Finsbury Sewers, London, after numerous oh-
servations of the storm discharges.

1857 Presentation of the Hawksley formula in a
“Report of Commission on Metropolitan
Drainage, London.” The original formula
seems to have been established at some time

between 1853 and 1856.
1879 Presentation of the Myers formula by T. M.

1880

1881

1886

1887

1889

1897

1897

1898

1906

1909

1910

Cleemann in a paper before the Engineers'
Club of Philadelphia. The formula was then
published in “Railroad Engineers’ Practice,
Discussion on Formulas” in the Proceedings
of the Club.™ This is the first known water-
way formula by an American author, Major
0. T. D. Myers, Chief Engineer of the Rich-
mond, Fredericksburg, and Potomae Railway
in Virginia.

Publication of the Biirkli-Ziegler formula in
a report' by the Swiss hydraulic engineer,
A. Biirkli-Ziegler, Switzerland.

Introduction of the Biirkli-Ziegler formula to
the American technical literature by Rudolph
Hering in a report on “Sewerage Works in
Europe,” to the National Board of Health.®
Discussion of the Myers formula and the use
of waterway formulas in general by Welling-
ton in an “Editorial” in the Railroad Ga-
zette ™

Publication of the Talbot formula by Pro-
fessor A. N. Talbot of the University of
Illinois.®

Publication of the rational method for esti-
mating rates of runoff from urban areas by
Emil Kuichling.¢®

Publication of a report of Committee on
Waterway for Culverts by W. G. Berg.2»
Issuance of a drainage table for the Atchison,
Topeka, and Santa Fe Railway in blueprint
form. This table covers a range of drainage
areas from 0.1 to 1,000 ¢q. mi., and was later
expanded and appeared as the well-known
Dun Waterway Table in 1906.

Publication of a discharge formula by George
Chamier, 9

Publication of the Dun Waterway Table by
James Dun, Chief Engineer of the Santa Fe
System,

Publication of Reports of Committee No. T
on Roadway in the Proceedings of American
Railway Engineering and Maintenance of
Way Association,** including “The Best
Method for Determining the Size of Water-
ways,” pp. 967-978, and a “Digest of Current
Practice” collected from the members of the
Association, pp. 978-1022.

Completion of a thesis investigation on wa-
terway for culverts by A. F. Gilman and
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1911

1922

1926

1931

1933

1934

1940

1943

1944

1946

1949

1951
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G. W. Chamberlain in 1909-1910,** under
the direction of Professor W. D. Pence, Uni-
versity of Wisconsin.

Publication of a Report of Sub-Committee
on Formulas for Waterways of Committee
No. 1— On Roadway, in the Proceedings of
American Raitlway Engineering and Mainte-
nance of Way Association,*® in which vari-
ous formulas for waterways were discussed.
Publication of a paper by Ivan E. Houk,®*"
emphasizing that cach opening requires indi-
vidual design and formulas are makeshifts.
Introduction of the Myers scale and the mod-
ified Myers formula by C. 8. Jarvis ¢ ™
Publication of a paper by G. P. Springer on
waterways for culverts and bridges. "
Recommendation of Ramser’s Curves for the
design  of =soil and water conservation
works. 2%

Publication of a comprehensive discussion on
design of waterway areas for bridges and cul-
verts by C. B. MeCullough," deseribing
economic design of waterway areas and re-
sults of research by the Oregon State High-
way Department in the preceding 15 years,
including both hydrologic and hydraulie
studies.

Listing of 36 formulas and 4 sets of curves
used at that time for determining runoff and
sizes of highway and railroad drainage strue-
tures by T. A. Munson. %)

Publication of the Cook method by the T, 8.
Department of Agriculture.®®

Publication of a paper by F. William Greve
on bridge and culvert flow areas. ¢4
Publication of the first edition of California
Culvert Practice by the State of California,
Department of Public Works, Division of
Highways, deseribing the California method
of culvert opening design.®

Publication of a paper by . B. Krimgold on
the hydrology of culverts, introducing the
U. 8. Soil Conservation Service's practice to
highway drainage problems.'?)

Publication of the BPR method in Highway
Practice in the United States of America by
Public Roads Administration.®®

Publication of a paper by Carl F. Izzard,©®
outlining some ideas about how the latest

1952

1955

1957

1958

1959
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knowledge of hydrology and hydraulies could
be applied to the design of highway drainage
struetures.
Publication. of a paper by J. . Exum on
waterway culverts and small
bridges. "

areas  for
Revision of the discharge-area curve in the
BPR method in Figure 1 of Hydraulie Infor-
mation, Cireular No. 1,9 by the U. 8. Bu-
reau of Publie Roads. The revision was based
on a statistical analysis of actual records of
runoff on small agricultural drainage basins.

Presentation of a paper by Tate Dalrym-
ple®® on hydrology in design of bridge
waterways, deseribing the U. 8. Geological
Survey's approach to the design of highway
bridge waterwavs., The paper was first pre-
sented to Raleigh Engineers' Club, Raleigh,
North Carolina, on February 11, 1952,
Presentation of a paper by Carl F. Izzard“?
to the American Society of Civil Engincers
at New Orleans Convention on March 5-7,
1952. The paper deseribes the latest practice
of estimating peak discharges for the design
of highway bridges and culverts.

paper by Herbert Q.
Bossy“® on simple methods for hydraulie
design of eulverts at the 1952 annual meeting
of the Southeastern Association of Highway
Officials.

Publication of a report by E. N. West and
W. H. Sammons@™ of the Kentueky High-
way Department on the study of runoff from
small drainage areas and the openings in at-
tendant drainage structures.

Presentation of a

Publication of Monthly Precipitation and
Runoff for Small Agricultural Watersheds in
the United States by the UL 8. Departient of
Agriculture, Agricultural Rescarelr Serviee, @9
Publication of Annual Marimum Flows from
Small Agricultural Watersheds in the United
States by the U. S. Department of Agrieul-
ture, Agricultural Research Service.®®
Publication of a paper by Franklin F. Sny-
der®™ deseribing the method developed by
U. 8. Army Corps of Engineers for the deter-
mination of peak discharges from small
drainage basins of a given frequency.

Publication of a paper by R. B. Hickok,
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R. V. Keppel, and B. R. Rafferty." deserib-
ing hydrograph synthesiz for small dramage
basins,

Publication of Scleeted Runoff Events for
Small Agricultural Watersheds in the United
States by the U, 8. Department of Agrieul-
ture, Agricultural Research Serviee, ™"

Publication of a paper by Neal K. Min-
shall®®” on a svnthetic method of predicting
runoff  from small experimental drainage
basinz.

Publication of a pamphlet by W. 1. Pot-
ter,'"*?" deseribing a correlation analyvsis of
peak dizcharges from small drainage basins,



lll. A SURVEY OF DESIGN PRACTICE

A. THE QUESTIONNAIRE

In order to assess the current methods for the
determination of waterway areas as an important
reference to the present investigation, a nation-wide
survey was conducted by sending a questionnaire
to all State Highwav Departinents in the United
States in June 1953. Replies were received from 43
of the 48 states.

As supplements to this survey, additional infor-
mation was obtained from publications or other
indirect sources, and reference was also made to the
report of an earlier survey conducted in 1943 by
Tilton and Rowe'® of the California Division of
Highwayvs.

In the questionnaire used in the 1953 survey,
the following major items concerning the design of
waterway areas were requested:

(1) The recommended design frequeney of drain-
age structures,

(2) The methods of ealeulation of the design dis-
charge and the determination of the size of culvert
and bridge openings.

(3) The consideration of the computation of cul-
vert slope and sections.

(4) The consideration of the computation of
head losses through culverts.

(5) The consideration of the hydraulie effects of
bridge piers and approach conditions, such as the
backwater effects.

The first two items are related to the hydrologic
design of drainage structures and the other items to
the hydraulic design. Since the present investiga-
tion is concerned primarily with the hydrologic de-
sign of the determination of waterway areas, the
main objective of the survey was essentially cov-
ered by the first two items.

It is obvious that the results obtained from the
survey cannot be considered as conclusive because
the information received was in general incomplete
and inaccurate and it represents only the practice
in 1953. Nevertheless, the findings of the survey
have furnished general knowledge about the design
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practice at that time and such knowledge was found
valuable in the present investigation.

B. THE DESIGN FREQUENCY

From the replies to the questionnaire regarding
the policy of design frequency; the following major
findings were obtained:

(1) The design frequency and its use varied in
different states. There was no definite rule for de-
termining the design frequency. Generally speak-
ing, the design frequency depended mainly on the
size, type, importance, and location of the strue-
ture. However, in most cases, the importance of the
strueture depended on economic and social factors.

(2) In several states, the design of important
drainage structures was based on historical floods
or independent investigations of the structures, but
not on design frequency. The historical floods were
usually obtainable from the records of the U. S.
Geological Survey. If the flood record was not
available at the site of the structure under consid-
cration, independent investigation became neces-
=ary for a proper determination of the design flood.

(3) For culverts, small bridges, and the drainage
structures in secondary highway systems, the de-
sign frequency varied widely from 5 to 100 years.
The design frequency most commonly used was 25
years.

(4) For bridges, large culverts, and the drainage
structures in primary highway systems, the design
frequency varied from 5 to 200 years. The design
frequency most commonly used was 50 vears.

(5) Most replies do not specify clearly whether
the frequency referred to is the rainfall frequency
or the runoff frequency. It is known in hydrology
that the two frequencies are not identical. How-
ever, it may be generally assumed that many cases
imply the rainfall frequency rather than the runoff
frequency, because even at the present time runoff
data in most small drainage basins are not enough
to assure any reliable determination of the runoff
frequency.
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Table 4

Deslgn Frequen(y for Culverts, Small Bridges, and Drainage Structures in Secondary Highway Systems

No. \(.ltl- Frequeney of Design Flood |||-lur|l al Independent Type of
Investigation Struetures
) 10 15 20 25 30 35 10 50 104)
1 Alabama X «
2 Arizona x (&
3 Arkansas
i California Y X C
3 Colorado X % G
i Connecticut X x O
7 Delaware X e - — - = X G
8 Florida N up &
4 Cieorgin X e == — = - X R. S8
10 Telaho X - X ]
11 Hlinois x X x (
12 Indiana % = et Sl S (&
13 lowa X 8
14 Kansas x G
15 Kent X (i
16 x C
17 Maine
18 Maryland X [ &1
19 Mussachusetts % C
20 Michigan X X C
21 AMlinnesoty 3 [§:
22 SIssIppPL % b
24 Missonri X X =
24 Montuna
25 Nebraska X )
26 Nevada D X —-_—————— o
27 New Hampshire x (&
28 New Jersey X L3 X C
29 New Mexico X = f— = S sma = o= s S e e e e x s
30 New York x X (&)
31 North Caroling X C
32 North Dakota X X (#
33 Ohio X X C
34 Oklahioma x C
35 Oregon X 181
a6 Pennsylvania X [
37 Rhaode Tsland X G
38 South Caroling kS C
30 South Dakota X g
10 Tennessee X C
i Texas x R e D i e x C.B
12 Utah X C
43 Vermont X &
i Virginia X S AR S e X C.B
45 Washington X G
S1H West Virginia X G
17 Wiseonsin X hi
18 W \umltu. X (i
Legend: O = Culverts,
B = Small bridges
S = Drainage st res in seconduary highway system,
G = Minor drainage stroctures in general,
‘: = No head on erown of the culvert.

Balanced design which is defined as that combination of conduit section, shape, texture, and gradient with entranee
