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PURPOSE

A library study was conducted to determme the present state of the
art of culvert hydraulics, to prepare an annotated bibli ography of
publications relating to the subject,” and to prepare a summary of -
research still needed in specific areas. Evaluation of construction
materials was not a part of this study. B

CONCLUSIONS

1. Research work is reasonably complete in the general areas of
culvert size, standard inlets, some nonstandard inlets, culvert
slopes, and culvert lengths. :

2. Additional research is needed for approach conditions, varia-
tions of roughness coefiicients for culverts ﬂoWing partly full,
characteristics of different span to height ratios in rectangular .
and noncircular culverts, further development of economical out-
lets, and verification or revision of general solutions for nonuni-
form flow in culverts. : ‘ : '

3. Future research should be conducted with large scale models
to avoid errors due to scale effects resulting from surface tension,
turbulence, conflguratmn, and other causes. ‘

4. Enough information is presently ava11ab1e to compile . a com-
prehensive design manual concerning culvert hydraulics. ' The
writing of such a manual would correlate the previous research
work and point out any other areas in which additional research
would be profitable. Therefore, the manual should be prepared
prior to the conduct of any extended research programs. - Careful
interpretation of data is 1mportant in preparing the manual either
from material contained in the blbhography references or mate- -
rial obtained from future research work.
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INTRODUCTION

Tracing the development of culverts, or even ascertaining when
they were first used, is an impossible task. We know that brick
culverts were being used in the ancient cities of Harappa and
MohenJodaro in India at least 3,000 years before Christ. By -
150 B. C., the Greeks had developed a rudlmentary knowledge of .
relationships between area; velocity, volume, and time for flow
in box culverts. Around 100 B. C., the Romans were engaged in
the construction of large aqueducts and extensive water convey-
ance systems. 1/ Even though the Romans were builders of great
waterworks, they seemed to be unaware of the principles of
hydraulics and of the developments by the Greeks. Since the time
of the Romans, culverts have become commonplace items that are
installed whenever water must be transported for relatively short .
distances. :

Until the 20th Century, the process of designing culverts was cut
and try, accompanied with a few good rules of thumb. However,
in the last forty years, great advancements have been iriade in our
basic knowledge of culvert hydraulics. As a result, well-informed
engineers do not have to rely on entirely empirical formulas and
rules of thumb when solving culvert hydrauhc problems, but can

attack the problems in a rational manner. Unfortunately, much of
the more recent knowledge has not been gathered together, and
hence, the information is not being used profitably. To partially
overcome this deficiency, a survey was made of the published
research work. This report and its appended annotated b1b110graphy
presents a summary of the publications surveyed.

1/THistory of Hydraulics," by Hunter Rouse and Simon Ince, Iowa
Institute of Hydraulics Research, State Unlversfcy of Iowa, 1957 .
page 269. '




SUMMARY

This report is concerned WJ.th culverts in general and is not
intended as an evaluation of construction materials. Forelgn lan-
guage papers which were ‘available have been included in addition

to those papers written in English. - The results, conclusmns, and -
recommendations of the papers surveyed are summarlzed under the" ‘
following topics: S : : ‘

Culvert Size :
Approach Condltlons ‘
Inlet Details
Slope of Culvert : :
- Roughness of Culvert Walls o
Shape of Culvert ‘
Length of Culvert:
Outlet Details : )
Flow Conditions through the Culver't

Culvert Size
The three most generally used methods of determining culvert size
are: , : L R T

(1) On the basis of old structures in the v1c1n1ty

(2) Us1ng an emplrlcal formula relatmg dramage area and cul- .
vert size, such as Talbot's formula. v ’

(3) Using hydrologlc and physmgraphlc data to determine the
quantity of water reaching the culvert, then demgnmg the cul-
vert to pass that quantlty of water o :

The first two methods are still retamed in des1gn handbonks, ; even ‘
though they are the children of antiquity. Their popularity is'due ‘
to the simplicity of the computations requlred The third. method o

' . requires a consideration of hydrologic factors,. dramage area, e
slope and cover of terrain, as well as knowledge of culvert hydrau-"*
lics. Two expressions which have attempted to relate these vari- -

¢ ables are the Burkli-Ziegler Formula and the Rational Formula.
Although the third method listed above is the most reasonable
approach, exact results are not obtainable because the sc1ence of

*Numbers 1n parentheses refer:to references in the appended anno-
tated b1b110graphy.



hydrology is still in its 1n.fancy Engmeermg experience and Judg—;/
ment indispensible when computmg the amount of flow a culvert
will be required to pass : s

Conclusion: Methods are available to est1mate the quantlty of [
water which a culvert will be required to pass. However, research- ~ & - . e
ing these methods is the responsibility of the hydrolog1st and is not" b S
a constituent part of this report. The de51gn d1scharge is assumed Y
known in the discussions which follow :

Approach Conditions S _ s - ' R

All of the design methods assume that the water level in the head
pool is above the culvert and cond1t1ons of neg11g1b1e approach
velocity exist. : .

Some consideration has been' given to the ‘approach velocity for S
those instances in which stagnant conditions do not exist,:but only -

a few experiments have been conducted. These experiments indi~"
cate that the approach geometry can have a significant effect on =
culvert performance. The design handbooks recommend proper
alinement of the culvert with the existing watercourse; however, - -

no comments are made concerning correctmns to the design when
misalinements are necessary. :

Conclusion: The effect of approach conditions has been considered
and a few tests have been conducted. Addltlonal research in thls
phase of culvert des1gn would be benef1c1al :

Inlet Details -
(16, 17,19, 23,724, 26, 27, 28, 30 32 33
34, 38, 40, 45, 51, 52,:56, 57, 58, 61)

An inlet can have two pronounced effects on the flow through a cul-"
vert. First, streamlining ofthe inlet will reduce the entrance’
losses; and second, the inlet geometry can cause the culvertto . o
flow full, even though the culvert barrel is placed on hydraulically : - !
steep slopes. One or both of these effects were: 1nvest1gated for
the following inlet types:

(1) Hooded inlets, both square and triangular .

(2) Bellmouth inlets

(3) Tapered inlets on box culy;ert‘s“ -




(4) Rounded flush inlets -

(5) Square- edged flush 1n1ets w1th parallel ﬂared and stralght'ﬂ'
or normal wmgwalls R o e T T

(6) Grooved progectmg 1n1ets '
{7 Rounded pro;ectlng mlets |
(8) Th1n walled pro;ectlng 1nlets

(9) Gradual tran51t1ons 3

(10) Mitered 1nlets wh1ch conform to emba.nkment slope

(11) Inclined taper and drop inlets

Conclusion: Sufficient. research work has been accomplished to
accurately predict the effect of standard inlets, as well as a few.
nonstandard inlets. Further research is requ1red for spec1al mlet
conflguratlons that are not hs’ced above. i

Slope of Culvert
(9 26, 28, 30, 34, 40, 44 47 52 58)

The effect of slope has the greatest 51gnlf1cance for open channel
or partly full flow in culverts. In general, channels which: slope ‘
downward in the direction of flow may be classified as havmg a
steep, critical, or mild slope These cla551f1cat1ons may be
defmed as follows: :

(1i A steep slope will sustaln unlform flow at a supercrl’ucal
eloc1ty L

(2) A critical slope w111 sustam unlform flow at a crltlcal h
ve]ocrty S

(3) A mild slope will sustain umform flow at a subcr1t1<:al
ve]oc1ty R ‘

(4) Uniform flow is the condition that emsts when the water
surface is parallel to the channel bottom. 2/

Tests were mainly conducted on steep or mlld slopes because .
critical slopes do not occur very often in practice. By proper

2/Rouse, ., 1959, "Engineering Hydraulics, " Wiley and So'ns,v
New York. ‘




application of existing theory, culverts can be des1gned on. any
slope.

Nondimensional curves are g1ven to determine the critical. depth ;
in circular conduits for various values of Manning's "n,' Critical
depths for rectangular cross sections can be found in most hydrau— E
lic handbooks. 3/ The effect of dlscharge ona change in slope is
also presented. ;

Conclusion: Sufficient research has been conducted to accurately
predict the effect of changes in pipe slope on the discharge.  Fur- .
ther work is required to determine the critical slope for nonc1rcu1ar
and nonrectangular conflguratlons o

Roughness of Culvert Walls :
(1, 2, 3, 9, 10, 11, 12,13, 14, 15, 18, 19, 20, 25
29, 31, 33, 40, 44, 45, 48, 50, 54, 55, 58, 61)

"Probably more time and effort has been expended deriving an accu-
rate expression for pipe friction than on any other phase of culvert
design. The subject has been explored through mathematical con-
siderations, as well as through the empirical approach. Various
equations, both empirical and rational, have been presented to pre-
dict flow in pipes; however, most of the empirical equations can be
shown to be special cases of the more recent general resistance -
relationships. Roughness coefficients, expressed in terms of
Manning's "n'" have been determined through laboratory and field ,
measurements of various pipe sizes, shapes, and types. A general
design assumption is that the roughness coefficient remains con-.
stant for the pipes flowing either full or partly full. However, some
investigators have found that the roughness coeff1c1ent 1ncreases
for pipes flowing partly full. , :

Conclusion: Engineers should have the various re31stance equa-
tions available and know the limitations of the formulas. Addi-
tional research should be conducted to determine the variation

of Manning's "'n"

over wide ranges in'depth for open channel flow - -
in culverts, ‘ : - T o
Shape of Culvert
(all references)

Square box culverts and circular culverts are tne general culvert
shapes that have been studied in detail. Limited data are also

37T5M




available for inverted egg, pipe ‘arch, and horseshoe shapes.
There is very little data concerning variable span to he1ght ratlos
for rectangular culverts ‘and part circle culverts. ‘ :

Conclusion: Add1t1onal testmg is needed for varlable span to B
height ratios of rectangular culverts and non01rcu1ar culverts. :

Length of Culvert
(1 13, 17, I5 30, 33, 34, 486, 58)

The length of the culvert was found to be a mgmﬁ.cant factor in -
several cases. For partly full flow and mild slopes, the discharge
in long culverts is usually less than in short culverts. .On steep
slopes, the length of the culvert does not have a s1gn1f1cant effect .
on dlscharge. For full flow in culverts on mild slopes, the dis-
charge in long culverts is less than in short culverts. However,
on steep slopes the discharge in long culverts is: greater than in
short culverts, due to. 51phon1ng actlon.v :

Conclusion: The length of the culvert is an 1mportant factor in

design. Sufficient research has been accomplished to accurately
predict the effect of length for d1fferent culvert slopes on the dlS" ;
charge. : : :

| Outlet Detalls
(157821 2233 41, .42, .43, 45 51 58 59)

Tests have been c0nducted with 1mpact—type energy d1531pators, v
flared and submerged outlets, ‘and using adverse hydraulic gra-
dients at the culvert exit. Each of these schemes produced favor-
able results. - Erosion studies have been made for culverts with"
a cantilevered outlet, and the effect of riprapping the. pool into
which the outlet discharges has been 1nvest1gated Flared outlets
similar to a typical inlet shape are not effectlve in reducmg ero-
sion at unsubmerged outlets \

Conclusion: Research should be conducted toward the further
development of simple, inexpensive, effective outlets. The
research should include the effect of the outlet on scour, energy
dissipation, and flow conditions through the culvert.

F] ow Condltlons through the Culvert
(4, 6, 11, 13,16, 17, 24, 26, 32, 34,
136, 40, 44, 47, 49, 51, 52, 56, 58)

The flow cond1t1ons through a culvert are dependent upon the cul-
vert slope and the respective elevations of the head and tailwater.




For culverts flowmg partly full and on a steep slope, the d1scharge ;
is controlled at the inlet and is determined by. orifice or weir con- o
siderations, depending upon the headwater depth. For culverts
flowmg completely full, the d1scharge is controlled’ by the dlffer-' 2
ence in head- and tailwater levels and is analyzed according to the
standard-pipe-flow conditions. For full flow. with a free outlet,

data are sparse, but 1nvestlgators have found the hydraulic grade- g
line to be below the.crownof the pipe. For culverts flowing: parl:ly\_} &
full on mild slopes, outilet: control’ usually ‘exists. For the latter
case, discharge computatlons require that. backwater curves be-
determined and this process is rather ted1ous ‘Tests of backwater
‘curves with small models do not always give good results because
surface tension and the scale of turbulence tend to modlfy the sur- -
face proflle D : 5 s

Model tests have beenvconducted'for the.case of a hydraulic jump
in a pipe. Pressure profiles for both rectangular model culverts
and full scale circular culverts are available. : The effect of a non-
uniform velocity distribution is also 1nvest1gated

Conclusion: Further research w11:h full scale culverts is de51rable -
fo verily or refute general solutions for nonuniform flow in culverts.
Present methods for computing headwater for culverts with .outlet
control appear. adequate. Sl







ANNOTATED BIBLIOGRAPHY
(Chronological Listing)

(1) YARNELL, D, L., NAGLER, F. A., WOODWARD S. M.,

(2)

(3)

1926, "The Flow of Water Through Culverts," State Umver-
sity of Jowa, Studies in Engmeermg, Bul. 1, 128 p. ‘

Presentatlon of the results from 3, 301 experlments on the
flow of water through short conduits such as pipes and box
culverts. Concrete, vitrified clay and corrugated metal

pipes were tested in the following sizes: 12-, 18-, 24-, and
30-inch-diameter in 30-foot lengths. 'In addltlon,rthe 24-inch-"
diameter pipes were tested with 36-foot lengths. || i Box cul-
verts up to 4 feet square were tested in lengths of 36 feet.

The tests were made on the culverts flowing partially full and
full, with both free and submerged outlets for varmus types o
of entrances. : :

NIKURADSE, J., 1932, ”Gesetzmassigkelten der Turbulenten

Strémung in Glatten Rohren,' (Laws of Turbulent Flow in
Smooth Pipes), Verein Deutscher Ingenieure, Forschumgsheft
356. ‘

Investigation of the laws of turbulent ﬂow in smooth pipes at
high values of Reynolds number. Work done by Stanton, -
Bazin, Prandtl and: V. Karman is found to compare favor—
ably. :

NIKURADSE, J., 1933, "Strémungsgesetze in Rauhen Rohren,"

(Laws of Flow 1n Rough Plpes), Verein Deutscher Ingenleure,
Forschungsheft 361, :

Development wh1ch shows similitude relatlonshlps for model
pipes which are roughened with sand grains. Relationships
also found for friction factor and Reynolds number for six
dgifferent p1pe roughnesses ‘ ,

(4) KINDSVATER, C. E., 1937, "The Hydraullc Jump in Enclosed
Conduits, " State Umver51ty of Towa, Master s Thes1s :

The thesis presents the results of 35 tests, made 1na6 inch R

transparent pipe, with hydrauhc jumps produced by artificial
constrictions of three sizes. Curves are presented to show
comparisons between theory and observation. The tests
indicate a general confirmation of the theory, with certain
qualifications for special cases.




BLAISDELL, F. W., 1941, "Tests of a Standard Culvert
Outlet for Use with Drop Inlet Culverts,” U.S. Department
of Agriculture, Preliminary Report No. 2, Project MN-R-3, "

Tests were conducted to determine the degree of scour and
the effect of sills and baffles in reducing scour for a stand- -
ard flared outlet. Standards are developed for depths of
cutoff walls, and wingwall installation. T

STREETER, V. L., 1942, "The Kinetic Energy and Momentum
Correction Factors for Pipes and for Open Channels of Great
Width," Civil Engineering V 12, n4, April, pp. 212-213.

Derivation of Kinetic Energy and ‘Momentum Correction
Factors for a nonuniform velocity distribution based on von
Karman's universal logarithmetic velocity distribution law.
Curves of the correction factors are given for various values
of the Darcy roughness coefficient. e -

BLAISDELL, F. W., 1943, "Tests of Culverts and Flume
Outlet Structures,"” University of Minnesota, St. Anthony
Falls Hydraulic Laboratory, Minneapelis 14, Minnesota.

BLAISDELL, F. W., 1943, "The SAF Stilling Basin, " Univer-
sity of Minnesota, St. Anthony Falls Hydraulic Laboratory,
Minneapolis 14, Minnesota. : ‘ A

MAVIS, F. T..'1943, "The Hydraulics of Culverts,'' Penn-.
sylvania State College, Engineering Experiment Station, -
Bulletin No. 56. ‘ L :

Tests were conducted on model pipes constructed from
cast iron, lucite, and transite. . The cast iron pipe was

6 inches in diameter and 60 inches long laid on a3.05 -
percent slope. The lucite pipes were tested for diameters

between 3 and 5. 85 inches with lengths of 44.0 to 53.2 inches .~ |

laid on slopes between 0.05 and 6.57 percent. “The transite -
pipe was 12 inches in diameter and 155 inches long laid
on slopes between 1.22 and 2. 96 percent. ‘

The culverts were operated under the following conditions:

(a) Partly full with free outfall.

(b) Partly full with outfall partially submerged. -




(c) Full with outfall completelly.'submerge_d.

(d) Full with outfall partlally submerged

(e) Full w1th free outfall

On the basis of these tests, a satlsfactory engmeermg anal- s
ysis can be made of the flow of water through conduits of
intermediate length and circular cross section for the above
conditions. The paper presrants diagrams and examples of
computa’uons to compute 'the flow under the f1ve types of flow
as glven above, , ,

(10) JOHNSON, C. F., 1944, "Determination of Kutter's "n" for
Sewers Partly Filled " ASCE Trans. s ‘FVol 109, pp. 223—47.

Tests were made in sewers ‘whose shapes were 1nverted egg,
horseshoe, and circular for various depth of flow up to 0.4 D.
The discussions add further data for culverts made from other
materials. The circular culvert in the paper was constructed
from brick,

(11) HINDS, 1946, "Comparison of Formulas for Pipe Flow,"
Journal of the American Water Works Ass001at10n, Vol, 38,
No. 11, Nov., pp. 1226-1252.

A review of the 6 or 8 formulas available or in current use
for computatlon of dlscharges in the des1gn of water supply
systems.

The following conclusions were reached (1) old plpe ‘formu-
las are imperfect and limited in scope, (2) new pipe formulas
for laminar flow and smooth pipes are accurate beyond prac-..
tical needs, (3) for water the Colebrook formula for turbulent -
flow is ideal in conception, but needs substantiation, (4) re-
search should collect friction data on new kinds of pipe and
develop new formulas or substan‘uate old formulas.

(12) BARBE, R., 1947, 'La Mesure dans un Laborat01re des Dertes
de Charge de Conduites Industrielles' (Laboratory Measure- -
ment of Head Losses in Commercial Pipelines). La Houille
Blance, Vol. 2, pp. 191-203. © Also in Waterways Experi-
ment Station Translation No. 51-10, 25 p.

Tests were made on pipes 800 mm in diameter and 200 m
long for the range of Reynolds number 5 X 109 to 2 X 106,
The types of pipes were (a) centrifugally cast concrete (b) pre-
stressed concrete (c) cast iron, with a very smooth lining




of centrifugally cast, "Bitumastic " (d) steelplates, completely‘
welded. ' ‘

The results all fall close to the mean curve of Nikuradse for
smooth pipes. The series of tests which were ‘closest to the
Nikuradse curve were those of the cast iron pipe lined with
'"Bitumastic.' Steelplate and prestressed concrete are nearly .
equivalent. The most deviation was found 1n the centrifugally
cast concrete pipe. ‘ : E

(13) KEULEGAN, G. H., 1948, "Friction Losses in Short Pipes and
Culverts Flowing Full," National Bureau of Standards, not ‘
published. : ‘ ‘

(14) KEULEGAN, G. H., 1948, "Theory of Flow Through Short '
Tubes with Smooth and Corrugated Surfaces and with Square 4
Edged Entrances,' National Academy of Sciences, National S
Research Council, Highway Research Board, Research '
Report 6-B. ‘

.The theoret1cal form of discharge formulas for ﬂow in short
culverts is derived, as well as the criteria.for determmmg
the hydraulic length of a culvert. Experimental results are
shown to agree satlsfactorlly with theoretlcal computatlons

(15) LARSON, C. L., MORRIS, H. M 1948 "Hydrauhcs of; Flow _
in Culverts,'" Un1vers1ty of Minnesota, St. Anthony Fa.lls et
Hydraulic Laboratory, Project Repor’t N6. ‘ : L

(18) CHAPUS, E. E., 1949, "Entrance‘ Losses in Short Circular
Conduits, " University of Minnesota, Master's Thesis, Nov.

Measurements of head loss at the entrance to a circular pipe

were made 1o determine the effect of Reynolds number, head

over crown, shape of entrance lip, and width of approach

channels on entrance coeff1c1ents. A 4-‘inch Lucite pipe was ,

used. %% . ; ; S ; we DR e

(17) SCHILLER, R. E., Jr., 1949, ”The Flow of Water Through
Box Culvert Models, " Texas A & M College, Engmeermg ‘ '
Experiment Station, Master's Thesis, June. ‘

*¥Paper was not available for review. The abstract was obtained
from other sources. ‘



Tests were conducted on plex1g1as models of box culverts
with straight wingwalls to determine relative capacities and
flow characteristics. A flared wingwall design was dis-
covered that should, with sufficient heads, flow full under
all conditions. Discharges under free outfall condltlons
,could be increased as much as 30 percent '

' (18) HARRIS, C. W., 1950, "An Engmeermg Concept of Flow in
Plpes,” ASCE Trans., Vol. 115, pp 909-958. .

¢ An ana1y51s of existing formulas concermng ﬂow in smooth
and rough pipes. The relations between the pipes are
expressed by correlaterd equations rather than by separate
empirical formulas. Correlation is - shown between artifi- -
cially prepared random roughness and a variety of commer-
cial pipes. A method is furnished for distinguishing sur-
face losses from localized losses. All the equations are
related through s1mp1<= algebralc expressmns Considerable
discussion, ‘ r -

(19) STRAUB, L G., MORRIS H. M., 1950, ”Hydrauhc Data
Comparison of Concrete and Corrugated Metal Culvert Pipe, "
University .of Minnesota, St. Anthony Falls Hydrauhc Lab-
oratory, Technical Paper No. 3, Series B.

Tests were conducted on concrete and corrugated metal p1pes, ‘
and on corrugated -metal pipe arches for the purpose of deter-
m1n1ng pipe friction and entrance loss coefficients. Manning's
'n" was also determined for culverts flowing part full. The
culverts were new and installed with excellent alinement. '
They ranged in size from 18 to 36 inches in diameter, each.
with an overall length of approximately 193 feet. Except for
the 24-inch concrete pipe and the 24-inch | corrugated pipe
arch, all culverts were tested with the inlet projecting 2 feet
into the headwater pool and with the inlet flush with the head-
wall. The two exceptions were only tested W1th thf> inlets pro-
jecting. _ :

This paper includes the salient test results for both concrete
and corrugated-metal culverts as reported in papers No. 4
and 5, Series B, :




(20) STRAUB, L. G., MORRIS, H. M., 1950, "Hydraulic Tests on
Corrugated Metal Culvert Pipes; i St.  Anthony Falls Hydrau-
lic Laboratory, University of anesota, Techmcal Paper
No. 5, Series B. = -

(21) VENEGAS, L. E., 1950' "Study of Flarlng Outlet End of Cul-
vert to Increase Rate of Discharge,’' Louisiana State Umver—
sity and A & M College, Master s The51s, pAug

(22) SMITH, R. A., 1951, "The Effect of Length on Performance ‘
Characteristics of D1ffusers,v Louisiana State Umver51ty
and A & M College Master's: Thes1s, Aug. :

This study resulted as a generahzatlon of "Study of Flarlng
Outlet End of Culvert to Increase Rate of Dlscharge " (See
Reference 21) . ‘

(23) EKERDT, G. A., 1952, "Headwall Angle Effect on Box Inlet
Discharge, " Un1ver51ty of Wlsconsm, Master's Thesis,
c/o Dr. Arno T. Lenz.

An 8-inch-wide (W) box culvert with 1engths L = 1/2W W,
and 2W, and depths D = W, 1/2W and 1/4W was tested for
heads up to 0.7L with. wmgwall angles from 45° to 90°. % .

(24) ANONYMOUS, 1953, "'Culvert Hydraulics,' National Academy
of Sciences, National Research Council, nghway Research
Board, Research Report 15-B. L :

The report consisis of two papers, ‘ ”Model Stud1es of Tapered
Inlets for Box Culverts, ' by SHOEMAKER, R.'H., Jr., and
CLAYTON, 1. A.; and "Importance of Inlet De31gn on Cul-
vert Capacity, " by STRAUB, L. G., ANDERSON A. G.,

and BOWERS, C.-E.

The first paper had the followmg purposes (1) clarlfy the
theory of operation of box culverts, and (2) modify the Ore-
<. gon State Highway Standard inlet in order to increase the -

* overall effectiveness of the culvert as a drainage structure.
The test data were taken from a 1:12 scale mocel of a 4- by
4-foot box culvert 82 Teet long. The testing’ consisted of:
(1) analyzing standard inlets with no flare, inlets with a
taper in the sides and top of 1 to 10, and inlets designed for _
operation under inlet control in nonsubmerged states; Ay
(2) operation of the standard inlet as a sluice gate; and

_ (3) full-flow operation of the standard and tapered inlets.

**1bid.
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The second paper is dlscussed in Reference (27)

(25) GUSTAVSBURG, O. K., 1953, "Der gegenwaruge Stand
unserer Erkenntnisse uber die Rohrreibung" (Present
knowledgé on Pipe Friction), Sonderdruck aus GWF '"Das
Gas-und Wasserfach " 94, Heft 16/18, Wasser

The first part of th1s paper is concerned W1th the foundatlons
of turbulent theory on which Prandtl's work is based.  The
second part is concerned with the compilation of tables of -
roughness as accurately as p0551b1e, and the inclusion of B
special cases which still do not fit 1n the framework of comf- .
mon irregularities. o s B

(25) MONOHAR, M., 1953, "Entrance‘Effects on Part_,-FullFlow in
a Model Culvert Plpe, University of Minnesota, Master's
Thesis, July. » ‘ ' R

Tests were conducted on a 4- 1nch dlameter culvert W1th a
length of 35 feet; a square and a well-rounded inlet were
used. Head-discharge relationships, pressures, and related
data were obtalned for var1at1ons in dlscharge and slope F%

(27) STRAUB, L. G., ANDERSON A. G., BOWERS, C ‘E., 1953,
"Importance of Inlet Design on Culvert Capacity, " Univer-
sity of Minnesota, St. Anthony Falls Hydraulic Laboratory,
Technical Paper No. 13 Series B, 27 p. :

Tests were made on a 4-inch- d1ameter model to determlne
the advantage of rounded entrances over square-edged
‘entrances. These tests do not consider beveled, bellmouth,
protruding or sloping headwells at the mouth of the culvert
nor wingwalls and warped tran51t10ns ‘ ‘

Limited bibliography.

(28) KARR, M. H., CLAYTON, L. A., 1954, "Model Studles of
~ Inlet Des1gns for Pipe Culverts on Steep Grades," Oregon
. State Umversnty, Engmeermg Experlment Statlon, Bul 35

39 p.

Report on expemments to observe the behavior of a number
of typical culvert installations that did ot flow full, and the




evolution of hoods on the inlet as a simple method to force
culverts to flow full under field conditions. A '

(20) ANONYMOUS, 1955, "Friction Losses in Corrugated Metal
Pipe," Corps of Engineers, Portland District, Report N 40-1,
Bonneville Hydraulic Laboratory, Bonneville, Oregon, July.

See Reference (50).

(30) FRENCH, L., 1955, ”'H;ydraulicCharadteristics of Commonly
Used Pipe Entrances, ' First Progress Report on Hydraulics
of Short Pipes, National Bureau of Standards, not published.

Determination of head-discharge relationship for commonly
used nonrectangular culvert inlets under various slopes,
lengths, and degrees of roughness. Factors controlling the’
regime of flow for various inlets and the development of
improved inlets are also discussed. An explanation is given .
concerning the importance of approach conditions and the
effects of different approach geometries.

(31) MORRIS, H. M., Jr., 1955, "Flow in Rough Conduits, " Trans.
ASCE, Vol. 120, pp. 373-410. = one DT

The description for isolated-roughness, wake-interference
and quasi-smooth or skimming flow are given. Egquations
are derived for the three flow types and experimental plots
are made which confirm the equations. The data comes
from many different sources. Consideration is given to the
effect of corrugations on the flow. L ' ‘ ~

(32) FRENCH, J..L., 1956, "Pressure and Resistance Character-
istics of a- Model Pipe Culvert,' Second Progress Report on
Hydraulics of Culverts, National Bureau of Standards, not
published. . - EREEA ;

Piezometric grade lines were determined from suitably
located piezometer taps. These provided a means of com-
puting the effective head at the outlet, resistance coefficient
in the zone of established flow, and the resistance coeffi-
~ cient in the entrance length or zone of flow establishment.
(33) ANONYMOUS, 1956, "Culvert-Flow Characteristics,

National Academy of Sciences, National Research Council,
Highway Research Board, Bul. 126, 23 p. : '

The bulletin consists of two papers, "Demonstration of =
Possible Flow Conditions in a Culvert, " by CARSTENS, M. R.,
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and HOLT, A. 'R., and "Tests on Clrcular P1pe Culvert
Inlets, " by SCHILLER, R. E., Jr.

The first paper deals w1th model tests conducted on a rec-
tangular culvert 0. 300 foot high, 0,167 foot wide and 3.00
feet long. The majority of possible flow profiles within a
highway culvert were photographed; classified by the posi-
tion of the control section; and analyzed in detail. From
this qualitative study, the effects of -entrance streamlining,
barrel length and roughness, and outlet submergence are -
readily v1sua11zed ‘

The second paper deals with tests on the followmg type

inlets: (a) square-edged flush inlets with flared, straight

and parallel wingwalls; (b) thin-walled projecting inlet; .

{(c) mitered sharp-edged inlet (1-1/2 to 1 slope); (d) mitered
rounded inlet (r/d = 0.125); (e) tongue and groove projecting
inlet; and (f) rounded projecting inlet {r/d = 0.15). The tests
were conducted on models 69 inches long, with the exception
of the square-edged entrances which were 52 inches long.

The pipe diameter was 5 inches, All tests were run under ‘
free or unsubmerged outfall condltlonswm.ly

(34) WEST, E. M., HUGHES, R. D., 1956, "Development and

Use of Hydraulic Models in Study of Culvert Performance,
Kentucky University Engmeermg Experiment Statlon,
Bul. N 41, Vol. 11, N L, Sept. , 56 p.

The tests were run on a 4 inch square plexiglas box culvert.
The tests reaffirm that culverts with standard inlets operate
under entrance control when the outlet is nonsubmerged and
the slope is sufficient to overcome friction; and that under.
entrance control they will not flow full, regardless of the
amount of head on the inlet or the slope of the structure.

Results indicate a definite increase in carrying capacity
is attained by the addition of a hood under conditions where
entrance control would-prevail if using a standard entrance.

The types of entrances tested were 30° and 45° wingwall -
inlets, with and without hoods. The hoods were proportioned
so that the area of waterway opening at their upstream face
was twice that of the culvert barrel.

(35) FRENCH, J. L., 1956, "Pressure and Resistance Character-
istics of a Model Pipe Culvert, " National Bureau of Standards,
not published.




(36) LI, W. H., PATTERSON C. C., 1956, "Free Outlets and
Self- Priming Action of Culverts, " Proc. ASCE, Vol. 82
(J Hyd Div) No. HY3 “June, Paper 1009 22 p :

Tests were conducted to determine the effectwe pos1t10n k
of the hydraulic gradeline for full-flowing culverts with free -
outlets. Priming on models was also investigated.

(37) SPINDLER, W. H., 1956, ""How to Design and Install Culverts,”
Public Works, Vol. 87, No. .1, Jan., pp. 83-90. :

Determining waterway requirements, size, modifying condi--
tions, placement, gradeline, 1en§'th and installation of cul-
verts. Based on author's book, "Handbook of Drainage and

Construction Products, " 1955, rev1sed 1958,

See reference (44).

(38) BABCOCK, H. A., SIMMONS, W. P., Jr., 1957, "Flow
Characteristics in a Plpellne Downstream from a Square
Cornered Entrance,' U.S. Bureau of Reclamation, Division
of Engineering Laboratories, Denver, Co! ‘ado Laboratory
Report No. HYD-422, 8 P. e o

The investigations present basic data on the flow condltlons

and pressure distribution downstream from 'a square cornered :
pipe entrance under various conditions of submergence,
approach shape, and Reynolds number. The information

is intended for usc as reference materlal in the cahbratlon

of meter gates. : : : :

(39) FRENCH, J. L., 1957, "Effect of Approach Channel Character-~
istics on Model Pipe Culvert Operatlon, Third Progress
Report on Hydraulics of Culverts, Natlonal Bureau of Stand—
ards, not pubhshed ‘ o ‘

Experimental data on-the effect of approach channel character- . ‘
istics on the operation of pipe culverts at supercritical slopes -

are presented. Approach flow turbulence level and velocity
distribution are shown, for the four different inlet geometries
investigated, to significantly influence regime change phenom-

ena; and it is concluded that general reproducibility of exper-
imental results requires full consideration and control of

approach flow conditions, **




(40) HENDRICKSON‘ J. G., 1957, "Hydraulics of Culverts,
American Concrete Plpe Assomatlon

A manual for the de51gn of culverts mcludmg location,
allowable loads, determining runoff, and culvert hydrauhcs
Charts and tables are included to aid the engineer in com-
putations. Bibliography is limited to noncontroversial topics.

(41) SMITH, G. L., 1957, "Scour and Energleiss'ipation Below
Culvert QOutlets, " Colorado Agricultural and Mechanical
College, Fort Collins, Colorado, CER No. 57GLSlG, 122 p.

The paper includes a discuSSi‘on of thehprinciples of energy
dissipation, contributions of engineering experience, and:ihe
types of structures now employed for energy dissipation‘.‘

Experimental Work was conducted W1th a cantﬂc ered outlet,
Investigations included the effects of tailwater depth armor-
plating, and energy of the Jjet on scour. L

(42) ANONYMOUS, 1958, "Hydraullc Design of St1111ng Bas1ns and
Bucket Energy Dissipators,' U.S. Department of the Interior,
Bureau of Reclamation, Engmeermg Monograph No. 25, 114 p.

Various types of energy dissipators are presented for both
large and small outlet structures. Sufficient data are avail-
able to determine the necessary outlet dimensions over a
wide range of discharges and heads.

(43) ANONYMOUS, 1958, Article in "The Local Government
Engineer, ' Department of Publlc Works, Sydney, N.S.W.,
Australia, Feb.

Studies on two models oia standard 4- foot 6-inch-diameter _
pipe culvert to a 1:13 scale. One model having a large move-
able bed of sand for scour comparison tests, the other being
a half section model for 1nvest1gat1ng vertical distribution of
flow in stilling basms

(44) SPINDLER, W. H., 1958, | "Handbook of Drainage and Con-
struction Products, Armco Drainage and Metal Products,
Incorporated, Middletown, Ohio, 529 p.




A manual for the design of culverts including locatlon,
allowable loads, runoff, and culvert hydraulics.. The hydrau-
lic design curves are based on work done at the Unlver51ty of
Towa. S .

(45) BAUER, W J., 1959, "Improved Culvert Performance through
Design and Research Studles," ClVl]. Englneerlng, Vol. 29,
pp. 167-169, March,

This article presents a method of improving culvert perform- ‘ : ,
ance by (1) providing a gradual transition at the inlet, (2) re- ' !
ducing friction losses by smoothing the conduit, and (3) utiliz~:

ing a flared outlet or by using an adverse hydrauhc grade near

the exit, ; ‘

Discussion follows by BLAISDELL F. W., in Civil Engineer-
ing, Vol. 29, p. 492, July 1959 and by BAUER in Civil Engi-
neering, Vol. 29, p. 650 September 1959

(46) HAN, L. S., 1959, "Hydrodynamlc Entrance Lengths for
Incompress1b1e Laminar Flow in Rectangular Ducts," ASME,
Journal of Applied Mechamcs, Paper 59-A-82, 7 pp.

The problem of determmmg the hydrodynam1c entrance length
in a rectangular channel is solved by the method of llnearlzlng
the Navier Stokes equation. The resulting equatmn is regarded -
as an equation to generate a mathematical expression for the
axial velocity in the entire region, making smooth transition
from a uniform profile to the fully developed one. From this
expression, the entrance length, defined as where 99 percent
of the fully developed centerline velocity is attained, is cal- .
culated for channels of six aspect ratios. ' The pressure drops
are also calculated and presented herein. A comparison'is .
made with the limited amount of experlmental and theoretlcal
data. : o

(47) METZLER, D. E., ROUSE, H., 1959, "Hydrauhcs of Box o
Culverts, '" State Unlversrty of Iowa, Studles in Engmeerlng, i
Bul. 38, 34 pp. ,

Culverts placed on a mild slope, and on a steep slope are
considered with inlet conditions unsubmerged, partially sub-
merged and fully submerged. The design characteristics

and operational characteristics are given for culverts placed
on a discontinuous slope. All results are from laboratory
measurements of hydraulic models. The authors state that
repeating the inlet shape at the outlet is of no use hydrauli-
cally and that it is doubtful that a gentle outlet flare effectively
reduces the erosive effect of the outfiow.
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(48) MOORE, W. L., 1959, "Relationships Between Pipe Resist-
ance Formulas,'' ASCE Proc., Vol. 85 (J. HYD Div), No. HY3,
March, pp. 25-41. : S T

The relationship between modern concepts of pipe ‘resistance
and the older empirical formulas is clarified, and a simple
procedure developed to derive an exponential formula appli-
cable to a known range of flow conditions. Limitations of the
equivalent pipe length concept are discussed. Data on resist-
ance measurements in water mains in service indicate that
the head loss varies with the discharge to a power nearly
equal to 2.0 rather than 1.85 as commonly assumed.

(49) OWEN, H. J., SOOKY, A.; HUSAIN; &. T., ‘DELLEUR,, J. W.,.
1959, "Hydraulics of River Flow Under Arch Bridges," A prog- -
ress report, Purdue University No.  CE166, 12 pp. ‘

The hydraulic characteristics of flow under arch bridges are
considered. Nondimensional curves of discharge coefficients
and backwater profiles are given for semicircular wiers and
a semicircular bridge model.. - R S

(30) WEBSTER, M. J., METCALF, L. R., 1959, "Friction ‘
Factors in Corrugated Metal Pipe,' ASCE Proc., Vol. 85

(J. HYD Div), No. HY9, September.

Tests were conducted on corrugated-metal pipes 3, 5, and 7
feet in diameter and 180, 251, and 350 feet long, respectively,
in order to determine friction coefficients for flow. The tests
were also concerned with pressure distributions along the
corrugations. e g :

(51) ARGUE, J. R., 1960, '""New Structure for Roadway Pipe Cul-
verts, " (Single Pipe Culvert Investigation), The Journal of
the Institute of Engineers, Australia, Vol. 32, No. 6,
pp. 23-29, , o ' N
Development of a hooded entrance to make pipe flow full and
a concrete outlet structure that holds a hydraulic jump. Uti-
lized rock riprap at inlet and outlet to reduce scour and =
standardization of outlet structures. e T

(52) BLAISDELL, F. W., 1960, "Hood Inlet for Closed Conduit
" Spillways, ' ASCE Proc., Vol. 86 (J. HYD Div), No. HYS,
May: pp. 7"31. ' ' . - . ’ .




Concerned with experimental tests'p"erformed”on ‘a model

having different inlet conditions. A hood inlet with two

different anti-Vortex arrangements were tested. The use -

of a hood inlet causes the p1pe to fill with little or no sub- Wl
mergence of the inlet crown. This {filling occurs even though
the pipe is laid on a steep slope , .

(53) O'LOUGHLIN, E. M., 1960, "Culvert Investigations by Hydrau-
lic Models, r Department of Pub11c Works, Sydney N.8.W.,
Australia, July. el o e

(54) STRAUB, L. G., BOWERS, c. E. PILCH M., 1960,
"Resistance to Flow in Two Types of Concrete P1pe, 't Uni-
versity of Minnesota, St. Anthony Falls Hydraulic Laboratory,
Technical Paper No. 22, Serles B, 148 pp ‘

Experimental studies were performed on 24 “and 36-inch
concrete culvert pipes to determine the effect-of interior
surface finishes and Jomt 1rregu1ar1t1es on the frlctlonal
resistance of pipe.

tamped pipe were used in the tests. Numerlcal vsﬂf'es were .

obtained for Manning's "n” and Darcy s "f i

Limited analyses were also made concernlng velomty distri-
bution, - elevation of the gradehne at the outlet of the pipe,
losses produced by a small pipe passing transversely through
the pipe, local friction factors based on the veloc:Lty dlstrl—
bution near the wall of the plpe. :

(55) WHITTINGTON, R. B., 1960, "Friction Factors in Smooth and
Rough Pipes, " Institution of Water Engineers, J. v. 1&, N 4,
July, pp. 301-306. ,

A simple expression is derived for layer thickness which is
applicable for all values of Reynolds number by reversing
Prandtl's concentration upon turbulent "core'' at the expense E
of exact velocity- gradlents in the laminar layer. A new

simple empirical expressmn is proposed for calculation of-
friction factor for rough pipes 1nstead of usmg leuradse s
original formula. *

(56) BOSSY, H. G., 1961, "Hydraulics of Conventmnal Highway
Culverts, ' Paper presented at the Tenth National Confer-
ence, Hydraulics Division, ASCE, Urbana, Illinois, 63 pp R
not published. : '




Discussion of the various phases of culvert design. It is con-
cluded that the methods now available for determining the
relation between culvert dimensions and inlet-edge type, dis~ -
charge rate, and head in inlet control are adequate for con-
ventional culverts of nonrectangular barrel cross section.
Methods for computing headwater for.: c'ulver'ts with outlet
control appear to be adequate. :

(57) FRENCH, J. L., 1961, "Hydrauhcs'of Improved Inlet Struc-

tures for Pipe Culverts, National Bureau of Standards,
Fourth Progress Report on Hydraullcs of Culver“ts not pub-—
lished. ‘

Experimental data for a group of improved culvert inlets

of simple geometiry are presented. The effects of vortex
action over the inlet are examined and it is concluded that
subatmospheric pressures in the'inlet region are subject .

to ventilation by air-carrying vortices and hence that flow
regimes in the culvert dependent upon such pressures cannot
be assumed. The minimum performance of the culvert struc-
ture under adverse conditions is shown to approximate the
performance of the inlets in entrance control. The signifi-
cance of various aspects of the inlet geornetry on the location -
of the apphcable inlet control section is demonstrated.

Effects of drop inlets, channel depressions upstream from
the inlet, and inclined tapered inlets are examined; and it is
concluded that significant improvement in culvert perform-
ance may be secured by such means. :

(58) NEILL, C. R., 1961, "Hydraulic Investlgatlons Related to

Large Corrugated—‘—Metal Culverts, ' Master's Thesis,
Department of Civil Engineering, Edmonton, Alberta,
Canada, 108 pp. : ‘

Previous research in the United States and Canada dealing
with culvert hydraulics is reviewed and the findings compared
with existing design information and practice. " Full-scale
tests were run on a.60-inch-diameter. strucytural«vpla'te corru-
gated-metal pipe, 72 feet long. The pipe was tested on '
slopes of 0, 1, 2, and 3.3 percent with the following types

of entrances: inlet-level flush, square projecting, hood,

an/d projected level. The maximum inlet submergence was
H/D =

(59) SMITH, G. L., 1961, "Scour and Scour Control Below Canti-
levered Culvert Qutlets, " Colorado Agricultural and Mechan-
ical College, Fort Collins, Colorado, CER 61 GLS 14, Feb.




(60) CHOW, V. T 1962 "H.'Ydrologlc De51gn of Culverts, e E A

ASCE, Journal of the Hydraullcs D1v1smn, Vol 88, No HY2, . S

Mar., Part 1, PP. 39~ 56

v ‘Varlous methods for- determmmg the de51gn d1scharges of
émall watersheds are presented. A s1mp1e :and pract1ca1
method ‘is presented-to. determme the peak. d1scharge by.

considering climatic and physmgraphlc factors An exarnple:‘f'“’f A

illustrates the method

(61) HARTNETT, J. P., KOH J.C.Y., McCOMAS soT., 1962 | e
"A Comparison-of Predicted and. Measured Frlctlon FactorsT SR R

for Turbulent Flow. Through Rectangular Ducts, “Lrans.,.
ASME Journal. of Heat Transfer, Feb o pp. 82 88, -

The frlctlon coefflclent for ‘both 1am1nar and';turbulent flow
through rectangular channels was ' analytlcally -and ‘experi-

mentally studied. It ‘was found that the circular-tube- correla—i': ¥

~ tion accurately predicts:the. fr1ct10n coefflclent for flow -
through irectangular: ducts of any: aspect ratlo for Reynolds :
numbers between 6 x 103 and 5 X 105 i e -
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