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U.S. DEPARTMENT OF TRANSPORTATION

FEDERAL HIGHWAY ADMINISTRATION

Hydraulic Engineering Circular No., 13

HYDRAULIC DESIGN OF IMPROVED INLETS FOR CULVERTS

The Federal Highway Administration, U.S. Department of Transportation,
has published a new design circular, Hydraulic Design of Improved Inlets
for Culverts, The publication was prepared by the Hydraulics Branch,
Bridge Division, Office of Engineering, in collaboration with the
Research and Development Demonstration Projects Division, Region 15,
as a part of Demonstration Project Number 20.

Hydraulic Design of Improved Inlets for Culverts incorporates the
results of culvert hydraulic research conducted by«the National| Bureau
of Standards, under the sponsorship of“the Federal Highway Administra-
tion, into design methods for improved)culvert inlets. The, publication
is intended to be used in conjunction with the'conventdional /culvert
design publications, Hydraulic Engineering Circulars No. 5 and No, 10.

Improved inlets may be effectively utilized on culverts under
a certain combination of hydraulic conditions. «The ‘conditions result
in what is termed culvert)'inlet control." That is, under a given
set of hydraulic and site conditions, the culvert barrel will have
more capacity than the inlet and, thus, thesinlet governs the culvert
flow capacity. Little can be igained bysthe use of sophisticated
improved inlets on culverts, (flowing in.outlet control, when the
capacity of the inlet exceeds the barrel capacity.

The publication contains asbrief review of conventional culvert
hydraulics, describes‘the types ‘of improved inlets that may be
used for box culiverts”and.pipe culverts, discusses general design
considerations, and’ presents a comprehensive programmed procedure
for improved inlet designy’ Nomographs, charts, tables, and calcula-
tion sheets are included, for each type of barrel and inlet. Two
detailed example probléms are solved, one for a box culvert and one
for a pipe culvert, and additional examples are contained in an
appendix. In a second appendix, the basic equations used in developing
the design aids are set forth, along with reasons for the selection
of the recommended inlet configurations and their related coefficients.

Use of Hydraulic Design of Improved Inlets for Culverts in
conjunction with hydrologic data and construction cost information
will result in a culvert of the optimum configuration for a given
site.
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mitered face

Flare angles of side walls of
tapered inlet with respect

to extension of culvert side
wall

Angle of departure of the
top slab from a plane parallel
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Foreword to Second Printing

More than 2,000 copies of the November, 1971, printing of
this Circular have been Jdistributed to highway agencies. As a
result of comments received and further consideration of the
design procedures and culvert design philosophy by personnel in
the Hydraulics Branch, this second printing presents a more direct
approach to improved inlet design for culverts. The design
procedure in this printing is revised from that contained in the
original printing and pertinent design charts and tables from
Hydraulic Engineering Circular No. 5, "Hydraulic Charts for
the Selection of Highway Culverts,'" have been incorporated in
order to eliminate the necessity for referring to that publica-
tion for design alds. Design charts, limitatioms, and information
as derived from the research reports remain unchanged and designs
prepared according to procedures described in the first printing
are valid.

The capacity of culverts on steep grades is.contrelled by
the inlet configuration and limitations on<headwater.depth.
Research (5, 6, 7, 8, 9, 10, 1l)(has provided the means for
reducing constraints imposed.by ‘inlet configurations. “ Procedures
described herein provide a technique for overcoming, at least
partially, constraints imposed by headwater limitations. There~-
fore, culvert performance can be maximized ox the design optimized
to fit site characteristics, design,and cost _considerations., The
resulting design can bé termed(a "balanced' “design, or a design
in which full use is made of the’'selected’'culvert barrel and inlet
configuration, site potential-and econoOmics.

Many people have contributed to the development of this
Circular in its present.form.\ . Messrs. Lawrence J. Harrison and
Johnny L. Morris developed the original design procedures and
design charts. Most of the design nomographs were prepared by
Mr. Paul N. Zelensky of the Office of Research. Messrs. Jerome M.
Normann and "Frank L. Johnson developed the revised design proce-
dures and culvert designm philosophy. Mr. Mario Marques of the
Office of Development provided insight into the design process
through the use of an electronic computer. Others in Region 15
and the Hydraulics Branch who contributed materially to the
Circular in its present form were Messrs. Charles L. O'Donnell,
Murray L. Corry, Dennis L. Richards, and Philip L. Thompson.

xi
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I. Introduction

The passage of water through highway culverts dnvolves complex
hydraulic phenomena, some of which are not yet thoroughly under-
stood. A variety of fluid dynamic and pneumatic.situations may
occur, making it extremely difficult to exactly define culvert
flow characteristics at a given time under.a specified\set of
conditions. Recognizing the potential for\substantial savings
which would result from improved knowledge and design’ techniques
in the field of culvert hydraulics, the Federal Highway Administra-
tion (FHWA, then the Bureau‘'of Public Roads) dnitiated research
in 1954 to obtain hydraulic information from a series of model
tests. The research was performed by the‘National Bureau of
Standards (NBS) and resulted in‘seven progress reports (5, 6, 7,

8, 9, 10, 11) covering conventional culverts with a constant slope
and cross section as well as inlet modifications to improve flow
characteristics at the culvert entrance. Culvert flow capacity

was found to be limited either by \the culvert entrance conditions
or by barrel resistance. The\ former was designated "inlet control”
and the latter "outlet comtrol.” When a culvert operates in inlet
control, the baxrel will permit the passage of more flow than the
inlet, and_in outlet control the reverse is true.

Hydrauldic Engineering Circular No. 5 (HEC No. 5), "Hydraulic
Charts for the Selection of Highway Culverts," (12) and HEC No. 10,
"Capacity Charts for the Hydraulic Design of Highway Culverts,"

(13) incorporate results of the conventional culvert research and
present design methods for these culverts in both inlet and outlet
control. These Circulars are in common use throughout the United
States and HEC No. 5 has been translated into several foreign
languages, including Spanish, French, and Norwegian. Design methods
presented herein are an extension of methods and information presented
in HEC No. 5. A thorough understanding of culvert design principles

contained in that Circular is necessary to an understanding of methods
presented in this Circular,
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This Circular incorporates the results of the NBS research
on improved inlets into a new culvert design procedure. The
research demonstrated that improved inlets, with their more
efficient flow characteristics and better utilization of
available head, may greatly improve the performance of culverts
operating in inlet control. Use of the design procedure of
Section VI will result in the inlet design and barrel size
most appropriate for a given combination of site characteristics.

While many improved inlet configurations were tested in
the research, only those determined to best satisfy the criteria
of hydraulic efficiency, economy of materials, simplicity of
construction, and minimization of maintenance problems are
presented. For example, while the use of curved surfaces rather
than plane surfaces might result in slightly improved hydraulic
efficiency at times, it was decided that the advantages were
outweighed by the construction difficulties involved. Thus,
only plane surfaces are discussed and recommended.

The improved inlet design charts of this publication
apply only to rectangular or circular barrel shapes., /No other
barrel shapes were tested with improved inlets, and different
coefficients and curves would be necessary. Howevetr, identical
concepts are applicable to barrels _of, any shape.,

As in previous FHWA publications, the design procedures contained
herein are based on the philosophy of "minimum performance."” At times,
favorable hydraulic conditions will cause a culvert' to operate at a
greater capacity than theldesign would indicate. Some of these
favorable conditions dre,transient .and cannot be depended upon to
operate continuously; thus, their’precise analysis 1s not warranted.
For instance, approach velocity is neglected, as are possible negative
pressures within the culvert barrel, both of which would result in
lower headwater requirements-to pass a 'given discharge.

If inlet control(governs, dinlet improvements can result in the
need for a barrel size-smallexr than would be required for a conventional
culvert at the game‘'site. The amount of barrel size reduction depends
on the site and a subjective;judgment regarding the dependability of
the design flood estimate and the risk of damage inherent in exceeding
the allowable headwater elevation. If the design discharge estimate is
not well supported and, considerable damage would result if the allowable
headwater elevation.were exceeded, it may be wise to select a culvert
barrel somewhat larger than would be required to accommodate the design
discharge. On the other hand, if the design discharge estimate is
liberal or well supported by data and analysis or a headwater elevation
higher than the allowable would result in little or no damage to the
highway or the adjacent property, then the smallest possible barrel
size might be selected. Design techniques presented in this Circular
will enable the designer to evaluate the hydraulic variables and select
the most rational design for the particular site.
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The general benefits of good culvert design procedures include
reduction of upstream flooding and highway damage due to underdesign
and lower culvert construction costs by avoiding gross overdesign.

If site conditions permit the use of an improved inlet, construction
costs may. be reduced still further. At times, improved inlets may
also be installed on existing culverts with inadequate flow capacity,
thus avoiding replacement of the entire structure or the addition of
a new parallel structure.

A field survey (14) of highway culverts with improved inlets
constructed in the United States before 1971 produced detailed
information on 66 installations which were estimated to have saved
a total of over two million dollars in capital outlay. Many
variations of the improved inlet designs discussed in this Circular
have been built but were not included in the survey. If a full
accounting of all improved inlets had been possible, the savings
would likely have been many times the amount reported.

Savings were reported ranging from $500 (12.5 percent),
resulting from reducing the diameter of a 200 ft. long reinforced
concrete pipe from 54 inches to 48 inches, to $4827000 (38.7 percent)
by reducing a 2,700 ft. box culvert from a triple 13 ft. by 14 ft.
toa double 12 ft. by 12 ft. The latter case illustrates that the
greatest savings usually result /fxom the use of improved inlets
on culverts with long barrels. | Short bartels shotildualso be checked,
‘however, especially when an improved inlet might increase the
capacity sufficiently to ‘avoid replacement of®an existing structure.
For instance, a $9,900 (72.2 percent) benefit was realized by
installing a variation‘of“an improved inlet on'an existing 60 inch
corrugated metal culvert 140 ft..long rathertthan replacing the
entire culvert with an 84 inch{diameter culvert. ‘

In the following sections, a short review of conventional
culvert hydraulics, a_discussion.of the types of improved inlets
suggested with definitions of the terms used, and design procedures
for box and pipe culverts with improved entrances will be presented.
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IT. Culvert Hydraulics

Conventional Culverts

A culvert operates in either inlet or outlet control., Under
outlet control, headwater depth, tailwater depth, entrance configura-
tion, and barrel characteristics all influence a culvert's capacity.
The entrance configuration is defined by the barrel cross sectional
area, shape, and edge condition, while the barrel characteristics
are area, shape, slope, length, and roughness. As shown in Figure 1,
the flow condition for outlet control may be full or partly full
for all or part of the culvert length. The design discharge usually
results in full flow. Inlet improvements in these culverts reduce
the entrance losses, which are only a small portion of the total
headwater requirements. Therefore, only minor modifications of the
inlet geometry which result in little additional cost are justified.

In inlet control, only entrance configuration ‘and headwater
depth determine the culvert's hydraulic capacity. ‘ Barrel character-
istics and tailwater depth are of no consequence., These culverts
usually lie on relatively steep slopes and“flow only partly full,
as shown- in Figure 2. Entrance/improvements ‘¢an résult in full,
or ﬁéarly full flow, thereby increasing culvert capaeity significantly.

Figure 3 illustrates\the performance of "a 30-inch circular
conduit in inlet control with three\commonly‘used entrances: thin-
edged projecting, squatre-edged,rand groove~edged. It is clear that
inlet type and headwater depthydetermine the, capacities of these
culverts. For a given headwater, a groove-edged inlet has a greater
capacity than a square-—edged inlet, which in turn outperforms a
thin-edged projecting inlét. Thesperformance of each inlet type
is related to the degreejof flowscontraction. A high degree of
contraction requires wore energy, or headwater, to convey a given .
discharge than a low /degree.of contraction. Figure 4 shows
schematically the flow contractions of the three inlet types
noted in Figure\3.

Improved Inlets

The improvements presented in this Circular are inlet geometry
refinements beyond those normally used in conventional culvert
design practice, such as those discussed above. Several degrees
of improvements are presented, including bevel-edged, side-tapered,
and slope~tapered inlets.
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Bevel-Edged Inlets

The first degree of inlet improvement is a beveled edge. The
bevel is proportioned based on the culvert barrel or face dimension
and operates by decreasing the flow contraction at the inlet. A
bevel is similar to a chamfer except that a chamfer is smaller and
is generally used to prevent damage to sharp concrete edges during
construction.

Adding bevels to a conventional culvert design with a square-
edged inlet increases culvert capacity by 5 to 20 percent. The
higher increase results from comparing a bevel-edged inlet with a
square-edged inlet at high headwaters. The lower increase is the
result of comparing inlets with bevels with structures having
wingwalls of 30 to 45 degrees.

Although the bevels used herein are plane surfaces, rounded
edges which approximate the bevels are also acceptable.

As a minimum, bevels should be used on all culverts which
operate in inlet control, both conventional and improved inlet
types. The exception to this is circular concrete pipes where the
socket end performs much the same as a beveled edge." Examples of
bevels used in conjunction with other improved inlets are shown
in Figures5 and 6. Culverts|flowing in{ outlet/control camnot be
improved as much as those dn-inlet centrol, but the entrance loss
coefficient, ke, is reduced from 0.5-for a square edge to 0.2 for
beveled edges. Thereforey it is recommended that bevels be used
on all culvert entrances if little additional cost is involved.

Side-Tapered Inlets

The second degree (0f improvement is a side-tapered inlet
(Figure 5). It provides amn.increase in flow capacity of 25 to 40
percent over that/of a conventional culvert with a square-edged
inlet. This inlet has an\enlarged face area with the transition
to the culvert barrel_.accomplished by tapering the sidewalls. The
inlet faCe has the same height as the barrel, and its top and bottom
are extensions of ;the top and bottom of the barrel. The intersection
of the sidewall .tapers and barrel is defined as the throat section.

Side-tapered inlets of other configurations were tested, some
with tops tapered upward but with sidewalls remaining an extension
of the barrel walls, and others with various combinations of side and
top tapers. Each showed some improvement over conventional culverts,
but the geometry shown in Figure 5 produced superior performance.
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For the side-tapered inlet, there are two possible control
sections: the face and the throat. Hg, as shown in Figure 5,
is the headwater depth based upon face control. H; is the head-
water depth based upon throat control.

The advantages of a side-tapered inlet operating in throat
control are: The flow contraction at the throat is reduced; and,
for a given pool elevation, more head is applied at the throat
control section. The latter advantage is increased by utilizing
a slope-~tapered inlet or a depression in front of the side-tapered
inlet.

Slope-Tapered Inlets

A slope-tapered inlet is the third degree of improvement. Its
advantage over the side-tapered inlet without a depression is that
more head is available at the control (throat) section. This is
accomplished by incorporating a FALL in the enclosed_entrarnce
section (Figure 6).

This inlet can have over 100 percent greater capacity than a
conventional culvert with squaresedges. The degree of\increased
capacity depends largely upon the amount of FALL available between
the invert at the face and the| invert at\the throat'section. Since
this FALL may vary, a rangeof-increased capacitiessis possible.

Slope-tapered inlets of alternate designs were considered and
tested during the research. The“inlet shown\in Figure 6 is recommended
on the basis of its hydraulic.performance,and ease of construction.

As a result of the FALL conecentrated between the face and the throat
of this inlet, the barrel slope is flatter than the barrel slope of a
conventional or side-tapered structure at the same site.

Both the face and throat_are possible control sections in a
slope-tapered inlet/culvert, However, since the major cost of a
culvert is in the barrel portion and not the inlet structure, the
inlet face shouldibe designed with a greater capacity at the allowable
headwater @levation than the throat. This insures that flow control
will be at the throat\and more of the potential capacity of the barrel
will be utilized.

Performance Curves

To understand how a culvert at a particular site will function
over a range of discharges, a performance curve, which is a plot of
discharge versus headwater depth or elevation, must be drawn. Figure
7 is a schematic performance curve for a culvert with either a
side-tapered or slope-tapered inlet.
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For these inlets, it is necessary to compute the performance
of the face section (face control curve), the throat section (throat
control curve), and the barrel (outlet control curve), in order to
develop the culvert performance curve for a range of discharges.

The actual culvert performance curve, the hatched line of Figure 7,
represents the performance of the face, throat and barrel sections
in the ranges where their individual performance determines the
required headwater. In the lower discharge range, face control
governs; in the intermediate range, throat control governs; and

in the higher discharge range, outlet control governs.

Performance curves should always be developed for culverts
with side-tapered or slope~tapered inlets to insure that the designer
is aware of how the culvert will function over a range of discharges,
especially those exceeding the design discharge., It is important to
emphasize that outlet control may govern for the larger discharges,
and, as shown in Figure 7, the outlet control curve has a much
steeper sl pe - a more rapidly rising headwater requirement for
increasing discharges -~ than either the face or throat control
curve. It should be recognized that there are_.uncertainties in
the various methods of estimating flood peaks(and) that ghere is
a chance that the design frequency flood will\be“exceeded during
the life of the project. Culverti\designs\shouyld be.evaluated in
rerms of the potential for damage)to the highway_ and adjacent
property from floods greater~than the design discharge.

As alternate culverts are possible) using improved inlet design,
a performance curve should be plotted for each alternate considered.
The performance curve will provide a basis\for selection of the
most appropriate desdign.

The advantages of various improved inlet designs are demonstrated
by the performance curwves.shown in Figure 8. These curves represent
the performance of a(single 6 ft. by 6 ft. reinforced concrete box
culvert 200 ft. long,with a4 ft. difference in elevation from the
inlet to the outlets For“a“given headwater, the culvert can convey
a wide range of discharges, depending on the type of inlet used.

Curves”l through 4 ‘are inlet control curves for a 90° wingwall
with a square-edged inlet, a 1.5:1 bevel-edged inlet, a side-tapered
inlet , and a slope~tapered inlet with minimum FALL, respectively.
Curves 5 and 6 are outlet control curves., Curve 5 is for the square-
edged inlet and curve 6 is for the other three inlet types. As
previously discussed, curves 5 and 6 show that improved entrances can
increase the performance of a culvert operating in outlet control, but
the improvement is not as great as for culverts operating in inlet
control, as demonstrated by curves 1 through 4.
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Tables A and B compare the inlet control performance of the
different inlet types. Table A shows the increase in discharge
that is possible for a headwater depth of 8 feet. The bevel-
edged inlet, side~tapered inlet and slope~tapered inlet show
increases in discharge over the square-edged inlet of 16.7 , 30.4
and 55.6 percent, respectively. It should be noted that the
slope~tapered inlet incorporates only the minimum FALL of D/4.
Greater increases in capacity are often possible if a larger FALL
is used.

TABLE A

COMPARISON OF INLET PERFORMANCE AT
CONSTANT HEADWATER FOR 6 FT. x 6 FT. RCB

Inlet Type Headwater Discharge %4 Improvement
Square-edge 8.0° 336 cfs 0
Bevel-edge 8.0" 392 cfs 16.7
Side-tapered 8.0" 438 cfs 30.4
*Slope-tapered : 8.0' 523 cfs 55.6

* Minimum FALL in inlet = D/40 = 1.5 ft,

Table B depicts the Teduction in headwatér \that is possible
for a discharge of 500 cfs, The_ headwater varies from 12.5 ft.
for the square-edged inlet to 7.6 ft. for the slope~tapered inlet.
This is a 39.2 percent reductionhin required headwater.

TABLE,B

COﬁPARISON OF ANLET PERFORMANCE AT
CONSTANT DISCHARGE FOR 6 FT. x 6 FT. RCB

Inlet Type Digcharge Headwater % Reduction
Square-edge 500 cfs 12,5' 0
Bevel-edge 500 cfs 10.1' 19.2
Side~tapered 500 cfs 8.8" 29.6
*Slope~tapered 500 cfs 7.6' 39.2

*Minimum FALL in inlet = D/4 = 1.5 ft.
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The performance curves in Figure 8 illustrate how inlet
geometry affects the capacity of a given culvert. The practical
use of performance curves to compare the operation of culverts
of various sizes and entrance configurations for a given dis-
charge are discussed in detail in Sections III and IV.

In improved inlet design, the inverts of the face sections
for the different types of improved inlets fall at various locationms,
depending on the design chosen. Therefore, it is difficult to define
a datum point for use in comparing the performance of a series of
improved inlet designs. The use of elevations is suggested, and
this concept is used in the design procedure of this Circular.
The example problem performance curves are plots of discharge
versus required headwater elevations., Allowable headwater is
also expressed as an elevation.
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III. Box Culvert Improved Inlet Design

- Bevel-Edged Inlets

Four inlet control charts for culverts with beveled edges
are included in this Circular: Chart 8 for 90° headwalls (same
as 90° wingwalls), Chart 9 for skewed headwalls, Chart 10 for
wingwalls with flare angles of 18 to 45 degrees, and Chart 13
for circular pipe culverts with beveled rings. Instructions
for the use of nomographs are given in HEC No. 5. Note that
Charts 8 through 10 apply only to bevels having either a 33°
angle (1.5:1) or a 45° angle (1:1). For example, the minimum bevel
dimension for an 8 ft. x 6 ft. box culvert designed using Chart 8
for a 1:1 bevel, or 450 angle, would be d = 6 ft. x 1/2 in/ft =
3 in. and b = 8 ft, x 1/2 in/ft = 4 in. Therefore, the top bevel
would have a minimum height of 3 in. , and the side bevel would be
4 in. in width. Similar computations would show that for a 1.5:1
or 33.79 angle, d would be 6 in. and b would be 8 in.

The design charts in this Circular are based od research

results from culvert models with barrel width, B, to depth, D,
ratios of from 0.,5:1 to 2:l.

Multibarrel Installations

For installations with more than one barrel, the” nomographs
are used in the same manner as for a single barrel, except that
the bevels must be sized (onthe basis _of ‘the total clear opening
rather than on individual barrel size. For'example, in a double
8 ft. by 8 ft. box culvert, the~top bevel is proportioned based
on the height, 8 ft.,and the side bevels proportioned based on
the clear width, 16 feet, _This results’ in a d dimension, for the
top bevel of 4 in. for the/l:1l bevel, and 8 in. for the 1.5:1
bevel and a b dimension( for the side bevels of 8 in. for the 1:1
bevel and 16 in. for.the 1.5:1 bevel. The ratio of the inlet face
area to the barrel area remains the same as for a single barrel
culvert,

For multibarrel dnstallations exceeding a 3:1 width to
depth ratio ,.the side bevels become excessively large when pro-
portioned on the_basis-of the total clear width. For these struc-
tures , it is recommended that the side bevel be sized in proportion
to the total clear~width , B, or three times the height , whichever
is smaller. The top bevel dimension should always be based on the
culvert height. Until further research information becomes
available , the design charts in this Circular may be used to
estimate the hydraulic performance of these installations.
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The shape of the upstream edge of the intermediate walls of
multibarrel installations is not as important to the hydraulic
performance of a culvert as the edge condition of the top and
sides. Therefore, the edges of these walls may be square, rounded
with a radius of one~half their thickness, chamfered, or beveled.
The intermediate walls may also project from the face and slope
downward to the channel bottom to act as debris fins as suggested )
in HEC No. 9 (15). - b

It is recommended that Chart 9 for skewed inlets not be used
for multiple barrel installations, as the intermediate wall could
cause an extreme contraction in the downstream barrels. This
would result in underdesign due to a greatly reduced capacity.

As discussed in Section V, skewed inlets should be avoided
whenever possible, and should not be used with side- or slope-
tapered inlets, ‘

Side~Tapered Inlets

Description

The selected configurations of thewside-tapered inlet are
shown in Figure 9. The barrel and face heights are the same except -/
for the addition ~f a top ‘bevel at\the face. ‘Therefore, the
enlarged area is obtained by making the face wider than the barrel
and providing a tapered sidewall /transition from the face to the
barrel. Side taper ratios may )range from 6:1 to 4:1. The 4:1
taper is recommended as it results im a shorter inlet.

The throat and the face arel possible flow control sections
in the side-tapered (inlet.  The weir crest is a third possible
control section when a FALL-is\used. Each of the possible
control sections ‘should be sized to pass the design discharge
without exceeding’ the _allowable headwater elevation. Plots
of the performance of-each of the possible inlet control
sections along with/the' outlet control performance curve define
the culvert performance.
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Figure 10
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Throat Control

In order ‘to utilize more of the available culvert barrel
area, the control at design discharge generally should be at the
throat rather than at the face or crest. Chart 14 presents the
headwater depth, referenced to the throat invert, required to pass
a given discharge for side- or slope-tapered inlets operating in
throat control. This chart is in a semi-dimensionless form, Hy/D
plotted against Q/BD3/2. The term, Q/BD3/2, is not truly dimension-
less, but is a convenient parameter and can be made non-dimensional
by dividing bg the square root of gravitational acceleration, gl/2.
A table of BD3/2 values is contained in Section VIII.

Face Control

Design curves for determining face width are provided in
Chart 15. Both the inlet edge condition and sidewall«flare angle
affect the performance of the face section. The _two curves in
Chart 15 pertain to the options in Figure 11./ The dashed curve,
which is less favorable, applies to.the following inlet edge
conditions:

(1) wingwall flares of.15° to 262 and a l:l top edge bevel,
and

(2) wingwall flares of 260 (t0)90° and square edges (no
bevels). A 90° wingwall flare is commonly termed a
headwall.

The more desirable solid-curve applies to the following entrance
conditions:

(1) wingwall-flares of 269 to 45° with a 1:1 top edge bevel,
or

(2) wingwall flares of 45° to 90° with a 1:1 bevel on the
side”and top edges.

Note that undesirable design features, such as wingwall
flare angles less than 15°, or 26° without a top bevel, are mot
covered by the charts. Although the 1.5:1 bevels can be used,
due to structural considerations, the smaller 1:1 bevels are
preferred.

13-23



Figure 11

DASHED CURVE

FACE - - € FACE - -—
SECTION SECTION
TAPERED__,_BARREL TAPERED _,_BARREL
NO SIDE BEVEL MO eI [ SECTION
ROAT THROAT
POSSIBLE  SECTION - SECTION
2 RO CWALLS O WINGWALLS
CASE 1 CASE 2
15° TO 26° WINGWALL FLARE ANGLES 26° 0 90° WINGWALL-FLARE ANGLES
TOP BEVEL REQUIRED NO TOP BEVEL REQUIRED
NO SIDE BEVEL REQUIRED NO SIDE BEVEL REQUIRED

SOLID-CURVE

- - o

gilg;m k N §“§§ ON _ _ :
TAPERED BARREL ECTION=™1 * taPERED ARREL
SECTION — AN
- NO Sipe SECTION /S1:1 BEVEL REQUIRED
45° iy BEVEL 45° 1 1.5:1 BEVEL MAY BE USED
90° 4
- CASE 1 CASE 2
26° TO 45° WINGWALL FLARE ANGLES 45° TO 90° WINGWALL FLARE ANGLES
TOP BEVEL REQUIRED TOP BEVEL REQUIRED
NO SIDE BEVEL REQUIRED SIDE BEVEL REQUIRED

DEFINITION OF CURVES ON FAGE CONTROL
DESIGN CHARTS 15 AND 16

13-24



Use of FALL Upstream of Side-Tapered Inlet

A depression may be utilized upstream of the face of a side-
tapered inlet. As illustrated in Figures 9 and 10, the depression
may be constructed in various ways, as an extension of the wing-
walls, or by a paved depression similar to that used with side-
tapered pipe culvert inlets, shown in Figure 16. The only require-
ments are: the plane of the invert of the barrel be extended
upstream from the inlet face a minimum distance of D/2, to provide
a smooth flow transition into the inlet; and, the crest be long
enough to avoid undesirably high headwater from crest control at
design discharges. Chart 17 may be used for checking crest
control if the fall slope is between 2:1 to 3:1. The length of
the crest, W, may be approximated, neglecting flow over the sides
of sloping wingwalls, This provides a conservative answer,

Performance Curves

Figure 12 illustrates the design use of performance curves
and shows how the side-~tapered inlet can reduce the barrel size
required for a given discharge. (The detailed caleculations) for
Figure 12 are given in Example Problem No. 1) “Performance
curve No. 1 is for a double 7 ft. x\6 ft. conventional culvert
with 90 degree wingwalls (headwall) jand 1:1 bevels on both .the
top and side. This conventional \inlet will'be the' "standard" to
which curves for the improved inlets may be compared.

The hatched performance curve, is for a doubte 6 ft. x 5 ft.
box culvert with a side-tapered inlet with no FALL upstream, It
is a composite of the throat .and face control curves. The outlet
control curve was also computed, but falls outside of the limits
of the figure. This indicates-that further increases in capacity
or reduction in headwater-are possible, Face control governs to
a discharge of 375 cfs, and throat ‘control for larger discharges.
Thus, the barrel dimensions (throat size) control the designs at
high discharges, which-/should “always be the case, In this example,
the size of the culvert was(reduced from a double 7 ft. x 6.ft.
box to a double"6 ft. x 5 ft. for the same allowable headwater.
Use of an upstream FALL would reduce the barrel size still further
to a size comparable to that required with a slope~tapered inlet.

Double Barreél Design

As shown in the above example, double barrel structures may
be designed with improved inlets. The face is proportioned
on the basis of the total clear width as described for bevels.
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The center wall is extended to the face section with either a
square, rounded, chamfered, or beveled edge treatment. A side-
wall taper of from 4:1 to 6:1 may be used.

The face width, as determined from Chart 15, is the total
clear face width needed. The width of the center wall must be
added to this value in order to size the face correctly.

No design procedure is available for side~tapered inlet
culverts with more than two barrels.

Slope-Tapered Inlets

The inlets shown in Figure 13 are variations of the slope~
tapered inlet and provide additional improvements in hydraulic
performance by increasing the head on the control section. The
difference between the two types of slope-tapered inlets lies in
the face section placement. One type has a vertical face configura-
tion and the other a mitered face, The face capacity.of the latter
type is not based on its physical face section,(but on a section
perpendicular to the fall slope intersecting the upper edge
of the opening. This is illustrated by the dashed line in
Figure 13.

Excluding outlet control ‘operation,| the slope-tapered inlet
with a vertical face has three potential control sections: the
face, the throat, and the bend (Figure-13). _The bend is located
at the intersection of the fall slope and the barrel slope.

The distance, L3, between the bend“and the throat must be at
least 0.5B, measured at the soffit or top of the culvert, to
assure that the bend section'will not control. Therefore, the
hydraulic performance needs only be evaluated at the face and
throat sections. The slope-tapered ‘\inlet with a mitered face
has a fourth possible.control,section, the weir crest.

Throat Control

As with side-tapered inlets, throat control performance
should usually govern in design since the major cost is in
the construction-of the barrel. Chart 14 is the throat control
design curve for both slope-tapered inlets. By entering Chart 14
with a computed value for Q/BD [2! Hy can be determined from
the value Ht .,
D
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Face Control

Face control design curves for slope-tapered inlets are
presented in Chart 16. The two design curves apply to the face
edge and wingwall conditions shown in Figure 11.

Crest Control

The possibility of crest control should be examined for the
slope-tapered inlet with a mitered face using Chart 17. The
crest width, W, is shown in Figure 13. Again, there may be
flow from the sides over the wingwalls, but generally this can
be neglected., As the headwater rises above the wingwalls,
there is little chance that the crest will remain the control
section.

Design Limitations

In the design of slope~tapered inlets, the following limitations
are necessary to insure that the design curves provided will always
be applicable. If these limitations are not mety hydraulic
performance will not be as predicted by design curves given in
this Circular.

The fall slope must range from 2:1 to 3:1.
Fall slopes steeper tham 2:1 have+adverse ,performance
characteristics and the.design ‘curves do mot ‘apply. If
a fall slope less than. 3:1 is) used, revert\to design
Chart 15 for side-tapered inlets andwuse.the fall slope
that is available. Do not dnterpolate between Charts 15
and 16.

The FALL should’ range from D/4 to 1.5D for direct
use of the curves{ “For FALLS greater than 1,5D, frictional
losses between the ‘face,and\the throat must be calculated
and added to the-headwater.” For FALLS less than D/4, use
design Chart 15 for side-tapered inlets and the FALL that
is available, Do not’ interpolate between Charts 15 and 16.

The sidewall taper should be from 4:1 to 6:1. Tapers
less than 4:1)are unacceptable. Tapers greater than 6:1
will perform better than the design curves indicate, and
the design will be conservative.

L3 must be a minimum of 0.5B measured at the soffit or
inside top of the.culvert. Larger values may be used, but
smaller ones will cause the area provided for the bend to
be so reduced that the bend section will control rather

than the throat section. Do not use an L3 value less
than 0.5B.
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Performance Curves

In Figure 14, performance curves for the slope-tapered
inlet are shown in addition to the performance curves shown in
Figure 12. Detailed calculations may be found in Example 1.

As can be seen from Figure 14, the performance of a single
7 ft. by 6 ft. culvert with a slope~tapered inlet is comparable
to a double conventional 7 ft, by 6 ft. culvert with beveled edges.
Note that the performance curve for the single 7 ft. x 6 ft.
culvert (hatched line) is developed from the face control curve
(Curve 5) from O to 950 cfs, the throat control curve (Curve 4)
from 950 to 1,200 cfs and the outlet control curve (Curve 6)
for all discharges above 1,200 cfs. This illustrates the need
for computing and plotting the performance of each control section
and demonstrates the barrel size reduction possible through use
of improved inlets. The performance curves clearly indicate
the headwater elevation required to pass any discharge. This
is an invaluable tool in assessing the consequences of a flood
occurrence exceeding the design discharge estimate. The use/of
performance curves in maximizing performanceand/optimization
of design will be discussed in Section VI of this Circular,

Double Barrel Design

Charts 14, 16, andyl? depict single barrel installationms,
but they are applicable to double barrel imstallations with the
center wall extended to the face section.

In addition to the ¢comments and limitations for single
barrel slope~tapered inlets, the face must be proportioned on
the basis of the totdl clear width. The center wall is extended
to the face section and may have any desired edge treatment.

The face width, as determined from Chart 16, is the total
clear face width. The 'center wall width must be added to the
value found from Chart.16 in order to size the face correctly.

No design procedure is available for slope-tapered inlet
culverts with more than two barrels.
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IV. Pipe Culvert Improved Inlet Design

As with box culverts, for each degree of pipe culvert inlet
improvement there are many possible variations using bevels,
tapers, drops, and combinations of the three. The tapered
inlets are generally classified, as shown in Figure 15, as
either side~tapered (flared) or slope-tapered. The side~tapered
inlet for pipe culverts is designed in a manner similar to that
used for a side-tapered box culvert inlet. The slope~tapered
design for pipes utilizes a rectangular inlet with a transition
section between the square and round throat sections,

Bevel-Edged Inlets

Design charts for conventional pipe culverts with different
entrance edge conditions are contained in Section VII., Imstruc-
tions for use of these charts are contained in HEC WNo. 5 and
will not be repeated here. As previously mentioned, the socket
end of a concrete pipe results in about the same” degree(of
hydraulic improvement as a beveled edge. Therefore, it is
suggested that the socket be retalned at the\upstream end of
concrete pipes, even 1if some warping of “the fill slope is
required because of the longer pipe or skewed installation.

Multibarrel pipe culverts should be designed as a series
of single barrel installatdons using the appropriate design
charts in Section VIL, since each pipe requires a separate bevel.

Side~Tapered Pipe Inlets

(Flared Inlets)

Description

The side-tapered or flared inlet shown in Figure 15 is
comparable to the side~tapered box culvert inlet. The face area
is larger than the barrel area and may be in the shape of an oval,
as shown in Figure 15, a circle, a circular segment, or a pipe-
arch. The only limitations on face shape are that the vertical
face dimension, E, be equal to or greater than D and equal to or
less than 1.1D and that only the above face shapes be used with
inlets designed using Chart 19. Rectangular faces may be used in
a manner similar to that described for the side- and slope~tapered
inlet. The side taper should range from 4:1 to 6:1.
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As with the box culvert side-tapered inlet, there are two
possible control sections: the face and the throat (Figure 15).
In addition, i1if a depression is placed in front of the face, the
crest may control., This variation of the side-tapered inlet is
depicted in Figure 16, and will be discussed in a following
section.

Throat Control

As stated before, the barrel of a culvert is the item of
greatest cost; therefore, throat control should govern in the
design of all improved inlets. Throat control design curves for
side~tapered inlets are presented in Chart 18. Note that this
chart contains two throat control design curves-while the box
culvert charts have only one. One curve is for-entrances termed
"smooth," such as those built of .concrete or smooth metal, and the
other is for "rough'" inlets, such ‘as thosé\built of-eorrugated
‘metal., The need for two curves' results from different roughness
characteristics and the difference in energy losses due to friction
. between the face and throatwof the inlets.

Chart 18 applies only to circular barrels, It should not be
used for rectangulaty. pipe-arch, or oval.sections. Chart 14 is
used for rectangular sectiounsi,/but no information is available
for using improved inlets with pipe-arch or oval barrels.

Face Control

Face control™curves for\the side~tapered pipe culvert inlet
are presented in Chart 19. The three curves on this chart are for:
the thin-edged\projecting iinlet, the square-edged inlet, and the
bevel-edged“inlet. Note that the headwater-is given as a ratio
of E rather than D¢ This permits the use of the curves for face
heights from D to.l.1D, as the equations used in developing the
curves do not vary within this range of E,

In Chart 19, flexibility is allowed in choosing the face
shape by presenting the flow rate, Q, in terms of Q/AfEl/Z, rather
than D5/2. By using the area of the face, Af, and its height, E,
the designer may choose or evaluate any available shape, such
as elliptical, circular, a circular segment, or a pipe-arch.
However, this chart does not apply to rectangular face shapes.
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Figure 16
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Standard Designs

Some State highway departments have developed standard plans
for the side-tapered (flared) inlet. Such standard designs are
geometrically similar, with the face width and the inlet length
expressed as fixed ratios of the pipe diameter. These standard
inlets are precast or prefabricated, delivered to the construc-
tion site, and placed in the same manner as the other pipe
sections.

When standard inlets are used, the control section may be at
the face rather than the throat for steep slopes or high flow
rates. Thus, Charts 18 and 19 should be used to develop a standard
inlet plan which would operate in throat control for the majority
of pipe installations, recognizing that, under certain conditionms,
face control may govern.

It may be advantageous for adjacent States with similar
topographic conditions to develop common standard designs. Such
a procedure could result in lower costs for all concerned,
particularly if some suppliers serve more than one State.

FALL Upstream of Inlet Face

In order to provide additional head for the (throat section
of pipe culverts, the slope-tapered inlet may be used, or a
depression can be placed_upstream of ‘the side-~tapered inlet face.
There are various methods 6f construeting such a depression,
including a drop similar to that shown for'the side-tapered box
culvert inlet with flared wingwalls. This“configuration consists
of a constantly sloping bottom-from the crest to a point a minimum
distance of D/2 upstream of .the face invert, and on line with the
barrel invert. Chart 17"should be used to assure that the weir
crest is long enough to avoid crest control.

Another means ‘O0f providing 'a FALL upstream of the face is
depicted in Figure 16. This), configuration can be used with 90°
wingwalls (headwall). The ‘depression will probably require paving
to control  upstream erosion. Research results indicated that such
a depression«could cause a moderate decrease in the performance
of the face. To-insure that this reduction in performance is not -
extreme, the following dimensional considerations should be
observed (Figure 16):

(1) The minimum length of the depression, P, should be 3T;

(2) the minimum width, Wps of the depression should be
Bf + T or 4T, whichever is larger;

(3) the crest length should be taken as Wp + 2(P) when
using Chart 17 to determine the minimum required weir
length.
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Slope-Tapered Inlets for Pipe Culverts

In order to utilize more of the available total culvert fall
in the inlet area, as is possible with the box culvert slope-
tapered inlets, a method was devised to adapt rectangular inlets
to pipe culverts as shown in Figure 17. As noted in the sketch,
the slope~-tapered inlet ,is connected to the pipe culvert by use
of a square to circular transition over a minimum length of one=-
half the pipe diameter. The design of this inlet is the same as
presented in the box culvert section. There are two throat
sections, one square and one circular, and the circular throat
section must be checked by use of Chart 18, In all cases, the
circular throat will govern the design because its area is much
smaller than the square throat section. Thus, the square throat
section need not be checked. The culvert performance curve
consists of a composite of performance curves for the Inlet
control sections and the outlet control performance. curve,

Square to round transition sections have been widely used
in water resource projects. They are,commonly built in=place,
but also have been preformed. It is recommended that plans
permit prefabrication or precasting as an alternate 'to in-place
construction.

Rectangular\Side-Tapered Inlets
for Pipe,Culverts

The expedient suggested.for adapting the slope-tapered inlet
for use with pipe culverts.can alsg be used on side-~tapered inlets
where unusually large pipes or sizes'not commonly used are
encountered. 1t may-mot be economical to prefabricate or precast
a "one-of-a-kind" side-tapered or flared inlet, in which case,

a cast-in-place- rectangular side-tapered inlet would be a logical
bid alternate.~ Also, flared”inlets for large pipes may be too
large to transport or .to handle on the job. In this case, the
flared or side-tapered\.pipe inlet could either be prefabricated

or precast in two sections or the rectangular side-tapered inlet
may be used as a bid or design alternate. Information for deter-
mining throat and face control performance is provided in Charts 18

and 15, respectively.
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Design Limitations

In addition to the design limitations given previously for
box culvert slope~tapered inlets, the following criteria apply
to pipe culvert slope-tapered inlets and rectangular side-~tapered
inlets for pipe culverts:

~ 1. The rectangular throat of the inlet must be a square
section with sides equal to the diameter of the pipe
culvert,

2. The transition from the square throat section to
the circular throat section must be no shorter than
one half the culvart diameter, D/2. If excessive
lengths are used, the frictional loss within this
section of the culvert should be considered in the
design.

Multibarrel Designs

The design of multiple barrels for circular culverts using
slope-tapered improved inlets“can be performed the same as for
box culverts, except that the,center wall must be\ flared in order
to provide adequate space between the pipes for proper compaction
of the backfill. Theamount of flare required.will depend on the
size of the pipes and the construction techniques used. No more
than two barrels may feed from the inlet structure using the design
methods of this Circular,

An alternative would'be to.design a series of individual
circular culverts with slope-tapered inlets. This permits the
use of an unlimited number of barrels, and the curves and charts
of this publication“are applicable.
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V. General Design Considerations

The primary purpose of this Circular is to provide the
design engineer with the tools necessary to design improved
inlets for culverts. There are many factors to consider in
culvert design in addition to hydraulic and structural adequacy,
many of which are subjective. Following is a discussion of
some of the aspects that should be considered in improved
inlet design.

Highway Safety Aspects of Improved Inlets

Improved culvert inlets should not be a greater hazard to
motorists than conventional culvert inlets. In both cases, the
inlets should be located a sufficient distance from the pavement
80 as not to present an undue hazard to errant vehicles. Other-
wise, suitable restraints should be provided to prevent vehicles
from colliding with the inlet structures,

Hydrologic Estiﬁates

The design discharge for.a culvert is.an estimate, usually
made with some recognitionsof\the risk involved or the chance that
the discharge will be exceeded. For instance; \there is a 2 percent
chance that the 50-year flood will be exceeded, in any one given
year. Or, a structure with a 25-year life expectancy designed
for the 50-year flood has a 40 /percent chance of experiencing
a higher flood during its 1ife.” If the frequency analysis is
based on short period of flood or streamflow records, the chances
of the estimated peak for.the design. flood being exceeded are
much. greater.

This further-emphasizes'the necessity of evaluating a culvert's
performance through a range of discharges. The risk of damage to
the highway-or adjacent(property due to floods greater than the
design discharge may'\be greater with these culverts than with
conventional“culverts, as performance may shift to outlet control.
The designer should examine the performance of the proposed
culvert in outlet control to determine whether or not that performance
is acceptable.
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Allowable Headwater Elevation

The maximum permissible elevation of the headwater pool of
the culvert at the design discharge is termed the Allowable
Headwater Elevation. This elevation must be selected by the
designer based on his evaluation of many factors, all of which
should be well documented. These include highway elevations,
upstream development and land use, feature elevations, historical
high water marks, importance of the highway, and damage risks.
Possible loss of life and property, and traffic delay and
interruption should be considered in the damage risk analysis.

Throughout the design process, the designer should remain
aware of the consequences of exceeding the Allowable Headwater
Elevation. In some situations, such-as in rural areas, the
damages might be negligible, while in others, exceeding the
Allowable Headwater Elevation should definitely be avoided.

Drift and Debris

A frequent objection to the use\of improved inlets on highway
culverts is that use of the side- and slope-tapered(inlet configura-
tions will increase problems with drift and debris.

Ag with conventional culyvert design, if the drainage basin
will contribute a large amount of drift and debris, the debris
control design procedures presented-in HEC Now. 9 (15) should be
utilized.

To prevent large drift material (from lodging in the throat
section of inlets with side tapersg~a\vertical column may be
placed in the center of the inlet face. Any material passing
the face section should ‘then .easily clear the culvert throat.

A survey of.improved inlet usage in the United States was
conducted for this publication (14), and comments on debris
problems were specifically requested. Reports on 75 installa-
tions were received, ‘and“no problems with debris were reported.
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Sedimentation

For beveled~edge and side~tapered improved inlet culverts
with their barrels on nearly the same slope as the original atream
bed, no unusual sedimentation problems are to be expected.

The inlets with FALLS have barrels on a flatter slope than
the stream bed, which may tend to induce some sedimentation,
especially at low flow rates. These deposits will, however, tend
to be washed out of the culvert during periods of higher discharge.
From the field survey, 8 of the 75 installations reported some
sediment build-up, but in no case was it of a significant depth.
No clogging problems due to sediment were cited in any improved
inlet installation.

Outlet Velocity

Intuitively, it would seem that reducing the size of the
culvert barrel would increase scour problems”at the outlet due
to increased outlet velocities. On the contrary, the outlet
velocities for a conventional culvert and a culvert with an
improved inlet for the same.location and design conditions are
essentially the same. When«the barrel area is‘reduced, the
flow depth 1s increased, .and the flow\area and wvelocity remain
essentially the same., This fact\can'be confirmed by reviewing
the example problemsy

The method for computing,outlet veloeity given in HEC No. 5
also applies to culverts with”improved inlets. Outlet velocity
is simply the discharge~divided by the flow area at the outlet,
For culverts flowing in.inlet control, the depth at the outlet
is approximated by assuming, the, flow approaches normal depth.
This depth may be~determined“bystrial and error using a form of
Manning's Equatiom:

0 ¥ 1{.149 AR2/3g1/2

Direct solutions of this equation are provided by charts
in Hydraulic Design Series (HDS) No. 3, "Design Charts for Open
Channel Flow" (16).

For culverts flowing in outlet control, the depth is assumed
to be: critical depth when the tailwater depth is less than
critical depth; the tailwater depth when it is greater than
critical depth but less than the culvert height; or the full
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culvert height when the tailwater is equal to or greater than
the height of the culvert or when critical depth is greater
than the height of the culvert.

In the field survey, 8 of the 75 improved inlet installatioms
were noted to have some scour at the outlet, and only two of
these cases were severe enough to require corrective action by
the use of riprap. From the above discussion, it is reasonable
to assume that conventional culverts at these sites would also
have required outlet protection against scour.

Orientation with Stream

Faces for both the side-tapered and slope-tapered inlets
should be oriented normal to the direction of flow in the stream
and not necessarily parallel with the roadway centerline. By
constructing the entrance in this manner, hydraulic performance
will be improved and structural design complications teduced.
The embankment may be warped to fit the culvert and remain
aesthetically pleasing.

Avoiding inlet skew is especially important in multiple
barrel culverts. The interior walls; which are neglected, in
unskewed culverts, may produce, unequal flow in the culvert
barrels, reduced performance, and possible sedimentation in
some barrels.

Culvert Cost

The total cost of various' alternatives should be considered
in the final culvert selection. For, instance, a slope-tapered
installation or a side-tapered inlet /with a depression will
probably require more ‘éxcavation‘than a culvert with its invert
near the original stream flowline. If this excavation must be
made through rock or othersdifficult material, it may be more
economical tol use a side-tapered design, assuming that both designs
are hydraulically feasible, even though the barrel size of the
slope-tapered culvert' may be smaller.

Culvert Length

As previously mentioned, the culvert barrel cost usually
far outweighs the cost of the inlet structure. Therefore, if a
very long c¢ulvert operates in inlet control, opportunities may
exist for great savings by using an improved inlet and reducing
the barrel size.
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Short culverts should also be analyzed for possible cost
reductions through the use of improved inlets. Many significant
savings have been recorded for these structures, especially in
cagses where the capacity of an existing culvert was increased by
addition of an improved inlet rather tham by replacement of the
entire culvert.
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VI. Design Procedure

General

The objective of the design procedure is the hydraulic design
of culverts, using improved inlets where appropriate. 8Such fac-
tors as hydrology, structural requirements, etc., are important
to the design but are beyond the scope of this Circular. Economic
considerations, although not specifically discussed, are implied
in the design procedure.

The design procedure hinges on the selection of a culvert
barrel based on its outlet control performance curve, which is
unique when based on elevation. The culvert inlet is then
manipulated using edge improvements and adjustment of its eleva-
tion in order to achieve inlet control performance compatible
with the outlet control performance. The resultant culvert design
will best satisfy the criteria set by the designer and make
optimum use of the barrel selected for the site.

The flow chart shown in Figure 18 outlines ,the #steps of the
design procedure, and each step is discussed in detail below.
Design calculation forms are contained in Appendix D and\ design
charts and tables are included in-Sections VII\and VIII,
respectively.

Step 1. Determine and Anadlyze Site Characteristics

Site characteristies include\.the generalized shape of the
highway embankment, bottom elevations and Cross sections along the

stream bed, the approximate length of the culvert, and the allowable

headwater elevation. In determining.the allowable headwater eleva-
tion (AHW El.)sroadway elevations_and ‘the elevation of upstream
property should be considered.* The consequences of exceeding the
AHW El1. should be evaluated and kept in mind throughout the design
process. In some/instances;\such as in unpopulated rural areas,
little or no damageswould result, while at some sites great losses
may ensue.

Culvert design ds actually a trial-and-error procedure
because the length of. the barrel cannot be accurately determined
until the size is known, and the size cannot be precisely
determined until the length is known. In most cases, however,

a reasonable estimate of length will be accurate enough to
determine the culvert size.
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The culvert length is approximately 2SoD shorter than the
distance between the points defined by the intersections of
the embankment slopes and the stream bed, where Se is the embank-
ment slope, and D is the culvert height. The inlet invert
elevation will be approximately SoSeD lower than the upstream
point of intersection and the outlet invert elevation is approx-
imately SoSeD higher than the downstream point of intersection,
where Sy 1is the stream bed slope.

All points referenced to the stream bed should be considered

approximate since stream beds are irregular and not straight
lines as shown in the schematic site representation.

Step 2. Perform Hydrologic Analysis

By hydrologic methods, define the design flow rate. The
probable accuracy of the estimate should be kept.in mind as
the design proceeds. The accuracy is dependent on'the method
used to define the flow rate, the_available data«on which it’is
based, etc.

Step 3. Perform Outlet Control Calculations and Seléct Culvert
(Charts 1 through. 6)

These calculations are performed before inlet control
calculations in order to select the smallest feasible barrel
which can be used without the\required headwater elevation in
outlet control (HWg) exceeding the allowable headwater eleva-
tion (AHW El.). For use~in this procedure, the equation for
headwater is in terms of _elevations

The full flow-outlet control performance curve for a given
culvert (size, inlet edge, (shape, material) defines its maximum
performance.. Therefore,(inlet improvements beyond the beveled
edge or changes in inlet invert elevation will not reduce the
required outlet control headwater elevation. This makes the
outlet control performance curve an ideal limit for improved inlet
design.

When the barrel size is increased, the outlet control curve
is shifted to the right, indicating a higher capacity for a given
head. Also, it may be generally stated that increased barrel
size will flatten the slope of the outlet control curve, although
this must be checked.
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The outlet control curve passing closest to and below the
design Q and AHW El. on the performance curve graph defines ; \ /
the smallest possible barrel which will meet the hydraulic. ‘
design criteria. However, that curve may be very steep (rapidly
increasing headwater requirements for discharges higher than
design) or use of such a small barrel may not be practical.

a) Calculate HW, at design discharge for trial culvert
sizes, entrance condition, shapes, and materials.

b) Calculate headwater elevations at two additional :
discharge values in the vicinity of design Q in
order to define outlet control performance.

¢} Plot outlet control performance curves for trial
culvert sizes.

d) Select culvert barrel size, shape and material.

This selection should not be based solely on calculations

which indicate that the required headwater at the _design dis-

charge is near the AHW El., but should also be based, on outlet

velocity as affected by material selection, theé desdigner's

evaluation of site characteristics, and the possible conse-

quences of a flood occurrence in excess ofqthe, estimated

design flood. A sharply rising.outlet control performance

curve may be sufficient reason, to select_a culvert of

different size, shape or material. \/

Figure 19

AHW EL.

HEADWATER ELEVATION

DESIGN O

BOX CULVERT
“OUTLET CONTROL
PERFORMANCE CURVES

DISCHARGE

13-50



In order to zero in on the barrel size required in outlet
\\_4/ control, the applicable outlet control nomograph may be used
as follows.

(1) Intersect the "Turning Line" with a line drawn between
Discharge and Head, H. To estimate H, use the
following equation:

kH = AHW El. - El. Qutlet Invert - h0

where ho may be selected as a culvert height. Accuracy
is not critical at this point.

(2)  Using the point on the "Turning Line," k., and the
barrel length, draw a line defining the barrel size.

This size gives the designer a good first estimate of the barrel

size and more precise sizing will follow rapidly.

Step 4., Perform Inlet Control Calculations for( Conventional and
Beveled Edge Culvert Inlets (Charts 7~through 13)

The calculation procedure is  similar to\that used‘\in HEC
No. 5, except that headwater .is defined as an elevation rather
than a depth, a FALL may be incorporated upstream of /the culvert
\ / face, and performance curves are an.essential part of the proce-
dure. The depression or FALL should have dimensions as described
for side~tapered inlets.

a) Calculate the required headwater depth (Hf) at the
culvert face at design discharge for the culvert
selected in Step. 3.

b) Determine required face ‘invert elevation to pass
design discharge by subtracting Hf from the AHW E1l.

¢) If this invert elevation is above the stream bed
elevation at «the face, the invert would generally be
placed’on the stream bed and the culvert will then
have a capacity greater than design Q with headwater
at the AHW E1. :

d) If this invert elevation is below the stream bed elevation.

at the face, the invert must be depressed, and the amount
of depression is termed the FALL.
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e)

£)

g)

h)

i)

Add Hf to the invert elevation to determine HWg.
If HWf is lower than HWy, the barrel operates in
outlet control at design Q. Proceed to Step 8.

If the FALL is excessive in the designer's judgment
from the standpoint of aesthetics, economy and other
engineering reasons, a need for inlet geometry refine-
ments is indicated. 1If square edges were used in
Steps 3 and 4 above, repeat with beveled edges. If
beveled edges were used, proceed to Step 5.

If the FALL is within acceptable limits, determine
the inlet control performance by calculating
required headwater elevation using the flow rates
from Step 3 and the FALL determined above.

HWf = Hg + E1. face invert.

Plot the inlet control performance curve with the
outlet control performance curve plotted in
Step 3.

Proceed to Step 6.

Figure 20
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Step 5. Perform Throat Control Calculations for Side~ and
Slope-Tapered Inlets (Charts 14 or 18)

The same concept is involved here as with conventional or
beveled edge culvert design.

a) Calculate required headwater depth on the throat
(Ht) at design Q for the culvert selected in Step 3.

b) Determine required throat elevation to pass design
discharge by subtracting Hy from the AHW El.

c) If this throat invert elevation is above the stream
bed elevation, the invert would probably be placed
on the stream bed and the culvert throat will have a
capacity greater than the design Q with headwater
at the AHW El,

d) 1If this throat invert elevation is below the stream
bed elevation, the invert must be depressed, and the
elevation difference between the stream bed at the
face and the throat invert is termed the FALL. If
the FALL is determined to be excessiveg™a darger barrel
must be selected. Return to Step 5(a):

e) Add Ht to the invert elevation to determine HWe.» If
Wt is lower than HWy, the culvexrt operates\in outlet
control at design Q. ~In this case, adequate per-
formance can probably'be achieved by +the use of
beveled edges with'a FALL,' Return to Step 4.

f) Define and plot the throat control performance curve.

Step 6. Analyze the Effect .of FALLS on Inlet Control Section
Performance

It is apparent! from Figure 20 that either additional FALL
or inlet improvements would.increase the culvert capacity in
inlet control by moving the inlet control performance curve
to the right toward the outlet control performance curve. If
the outlet control performance curve of the selected culvert
passes below the point defined by the AHW El. and the design Q,
there is an opportunity to optimize the culvert design by
selecting the inlet so as to either increase its capacity
to the maximum at the AHW El. or to pass the design discharge
at the lowest possible headwater elevation.
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Figure 21
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Some possibilities are illustrated in /Figure 21.. The
minimum inlet control performance which will meet the.selected
design criteria is illustrateéd by Curvé~A. This\design has
merit in that minimum expense, for inlet) improvéments and/or
FALL is incurred and the(inlet will pass a fdood in excess
of design Q before performance is' governed.by.outlet control.
This performance is adequate ‘dn.many locatdions, including
those locations where headwaters in excess of the AHW El.
would be tolerable on the fare occasion of floods in excess

of design Q.

Curve B illustrates® the.pérformance of a design which
takes full advantage\,of the potential capacity of the selected
culvert and the site’ to pass, the maximum possible flow at the
AHW El1. A safety factor injcapacity is thereby incorporated
in the design. /This can be accomplished by the use of a FALL,
by geometry improvements at the inlet or by a combination of
the two. Additional inlet improvement and/or FALL will
not increase the capacity at or above the AHW El.

There may be reason to pass the design flow at the
lowest possible headwater elevation even though the reasons
are insufficient to cause the AHW El.

13-54

to be set at a lower



elevation, The maximum possible reduction in headwater at
design Q is illustrated by Curve C, Additional inlet
improvement and/or FALL will not reduce the required head-
water elevation at design Q,

The water surface elevation in the natural stream may
be a limiting factor in design, i.e., it is not productive
to design for headwater at a lower elevation than natural
stream flow elevations. The reduction in headwater elevation
illustrated by Curve C is limited by patural water surface
elevations in the stream., If the water surface elevations in
the natural stream had fallen below Curve D, this curve would
illustrate the maximum reduction in headwater elevation at
design Q. Tailwater depths calculated by assuming normal
depth in the stream channel may be used to estimate natural
water surface elevations in the stream at the culvert inlet.
These may have been computed as a part of Step 3.

Curve A has been established in either Step 4 for
conventional culverts or Step 5 for improved inletsy, “To
define any other inlet control performance curvessuch as
B, C, or D for the same control section:

a) Select a point on the putlet control, performance
curve.

b) Measure the vertical distance)from thdis point to

' Curve A, Thiscis the difference in~FALL between
Curve A and(the.curve to be established, e.g., the
FALL on the c¢ontrol, section for Curve A plus the
distance between Curves A and B is the FALL on the
control section for Curve B.

For conventional culverts. only:

d) Estimate and-/compare\the costs incurred for FALLS
(structural excavation and additional culvert
length) to'achieve various levels of inlet
performance,

e) Select design with increment in cost warranted
by increased capacity and improved performance,

f) 1If FALL required to achieve desired performance
is excessive, proceed to Step 5,

g) If FALL is acceptable and performance achieves the
design objective, proceed to Step 8,
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Step 7.

Design Side- and/or Slope-Tape

red Inlet (Charts 15,

16, 17, and 19)

B

Either a side- or slope-tapered inlet design may be used
if a FALL is required on the throat by use of a depression
(FALL) upstream of the face of a side-tapered inlet or a FALL
in the inlet of a slope-tapered inlet,

The face of the side- or the slope-tapeéred inlet should
be designed to be compatible with the throat performance

defined in Step 6.

face design are illustrated in Figure 22,

The basic principles of selecting the

Figure 22

AHW EL.
/
—
-
— -

Z b
o
[ c
: _
- — -]
Wl e T e T (B — NATURAL/WS.
< — d
£l - ELEVATIONS
:'- e e —Throat Control,
g Tapered Inlet
g Outlet Control
w & (ky=0.2)

b

o

§ POSSIBLE

FACE DESIGN
SELECTIONS
DISCHARGE

The minimum face design is one whose performance curve

does not exceed /the AHW El, at design Q.

However, a

"balanced”

design requires that full advantage be taken of the increased
capacity and/or lower headwater requirement gained through

use of various FALLS.

curve which intersects the throat control curve:

This suggests a face performance
(1) at

the AHW El., (2) at design Q, (3) at its intersection with
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the outlet control curve, or (4) other. These options are
illustrated in Figure 22 by points a through e representing
the intersections of face control performance curves with
the throat control performance curves. The options are
explained as follows: (1) Intersection of face and throat
control performance curves at the AHW El. (Point a or b):
For the minimum acceptable throat control performance (Curve
A), this is the minimum face size that can be used without
the required headwater elevation (HWg) exceeding the AHW E1,
at design Q (Point a). For throat control performance
greater than minimum but equal to or less than Curve B,

this is the minimum face design which makes full use of

the FALL placed on the throat to increase culvert capacity
at the AHW El. (Point b). (2) Intersection of face and
throat control performance curves at design Q (Points a, ¢
or d): This face design option results in throat control
performance at discharges equal to or greater than design Q.
It makes full use of the FALL to increase capacity and reduce
headwater requirements at flows equal to or greater than the
design Q. (3) Intersection of the face control performance
curve with throat control performance curve at its intersec-
tion with the outlet control performance curve (Points b or
e): This option is the minimum face design which .can be
used to make full use of the increased capacity available
from the FALL placed on the throat.\ It cannot be used
where HWf would exceed AHW E1, at design Q; e.g., with

the minimum acceptable throat eontrol performance curve.

(4) Other: Variations in the‘above, options are, available
to the designer. The culvert face, canbe designed so that
culvert performance will ‘change from face_control to

throat control at any discharge/at which Inlet.control
governs. Options (1) through-(3)4 however, appear to
fulfill design objectives of minimum face size to

achieve the maximum increase in capacity possible for a
given FALL, or the maximum possible, decrease in the

required headwater for,a given, FALL. for any discharge

equal to or greater than desdgn Q.

Figure 23 illustrates the optional tapered inlet designs
possible. Note-that the inlet dimensions for the side-tapered
inlet are the same for all options. This is because performance
of the side-tapered inlet nearly parallels the performance of
the throat and an inerease in headwater on the throat by virtue
of an increased FALL results in an almost equal increase in
headwater on the face. Each foot of FALL on the throat of a
culvert with a side-tapered inlet requires additional barrel
length equal to the fill slope; e.g., if the fill slope is
3:1, use of 4 ft. of FALL rather than 3 ft. results in a
culvert barrel 3 ft. longer as well as increased culvert
capacity and/or reduced headwater requirements.
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Figure 23 INLET STRUCTURE DIMENSIONS

Side-Tapered Slope-Tapered

Point FALL B¢ x L4(Ft.} B¢ x L,4{Ft)

a 35 120 x 8.0 13.5 x 11.0

g b 8.0 17.0 x 20.0
¢ 8.0 27.5 x 39.0

d 10.0 52.5 x 89.0

e 9.0 22.5 x 29.0

— — -— NATURAL W.S,
ELEVATIONS

HEADWATER ELEVATION, ft.

INLET DESIGN
OPTIONS
& X 6! REINFORCED
CONCRETE, BOX CULVERT

190

T T
800 900 1000 1100 1200
DISCHARGE, cfs

Face dimensions and inlet length 'increase for the
slope-tapered inlet as the capaecity of the culvert is
increased by additiomal~FALL on\the throat. No additional
head is created fox ‘the face 'by‘'placing additional FALL
on the throats " On_the other hand, use of a greater FALL
at the throat '6f a culvert with a slope-tapered inlet does
not increase culvert lYength.

The steps followed in the tapered inlet designs are:

a) Compute Hf for side- and slope~tapered inlets
for various FALLS at design Q and other discharges.
Side-Tapered Inlet: Hg = He - 1.0 (Approximate)
Slope-Tapered Inlet: Hf = HW El. - Stream bed El.
at Face.
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b) Determine dimensions of side~ and slope-tapered
inlets for trial options,

¢) For slope-tapered inlets with mitered face, check
far crest control,

d) Compare construction costs for various options,
including the cost of FALL on the throat,

e) Select design with incremental cost warranted
by increased capacity and improved performance.

From the above, it is apparent that in order to optimize
culvert design, performance curves are an integral part of
the design procedure, At many culvert sites, designers have
valid reasons for providing a safety factor in designs,
These reasons include uncertainty in the design discharge
estimate, potentially disastrous results in property damage
or damage to the highway from headwater elevations which
exceed the allowable, the potential for develvpment upstreanm
of the culvert, and the chance that the design frequency
flood will be exceeded during the life of the installation,
Quantitative analysis of these variables would amount to a
risk analysis, but at present, many of these factors must(
be evaluated intuitively. Procedures described here enables
the designer to maximize the performance of the selected
culvert or to optimize the design in accorddnce with his
evaluation of site constraints,“design parametérs, and costs
for construction and maintenance.

Step 8. Complete File“Documentation

Documentation of the culvert hydraulic design consists
of the compilation and preservation of all hydrologic and
hydraulic information and the design decisions made on the basis
of this information. This should include site information
such as highway profile, upstream, development and land use,
estimates of the costs that would be incurred if the allowable
headwater were exceeded, and other data used in determining
the allowable headwater elévation, Several decisions in
this procedure are based on the designer's knowledge and
evaluation of site conditions, These decisions should be
well founded on field\information and documented for future
reference,

Each decision regarding culvert performance should be
made with knowledge of the accuracy of the flood estimate
and an understanding that, even though the accuracy of the
estimate may be relatively good, there is a chance that the
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design frequency event will be exceeded during the life of the
project. Department files should reflect the basis of the
design flood estimate, the designer's evaluation of the goodness
of the estimate, the consideration given to consequences of

a flood occurrence in excess of the design flood estimate, and
other information such as historical high water and past flooding.
This documentation can be of inestimable value in evaluating

the performance of highway culverts after large floods, or,

in the event of failure, in identifying contributing factors.

It also will provide valuable information for use in the event
that flood damage claims are made of the department following
construction of the highway.

Adequate documentation of the design decisions which were
made and the above basic information on which those decisions
were based should be placed in the files to support all hydraulic
structure designs. The completeness of documentation needed
to support designs will vary with the importance of the structure,
but structure costs should not be the sole basis for this
determination. The potential for loss of property and life,
traffic interruption, the importance of the highway and the
availability of alternate routes are among the factors~ that
should be considered in making this determinations

Documentation should be kept_in the department's
permanent records so that the performance“of the designs
they represent can be used as_a.foundation for better _.designs
in the future,
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DIMENSTONAL LIMITATIONS

\\.¢/ Side Tapered Inlets

l.

6:1 > Taper > 4:1

Tapers greater than 6:1 may be used but performance
will be underestimated.

Wingwall flare angle from 15° to 26° with top edge
beveled or from 26° to 90° with or without bevels.

If FALL is used upstream of face, extend barrel invert
slope upstream from face a distance of D/2 before
sloping upward more gteeply.
For pipe culverts, these additional requirements apply:
a. D<E<1.1D
b. Length of square to round transition > 0.5D
c. FALL (Figure 16)

P > 3T

Wp = Bf + T or 4T,~whichever is» larger.

Slope-Tapered Inlets

1.

6:1 > Taper > 4:1

Tapers > 6:1 may be used, but performance will be
underestimated.

If Sf >33l use side-tapered design
Minimum.L3 = _0. 5B

1.5D > FALL > D/4

For FALL < D/4, use side-tapered design

For FALL > 1.5D, estimate friction losses between
face and throat.
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5.

Wingwall flare angle from 15° to 26° with top edge
beveled or from 26° to 90° with or without bevels.

For pipe culvert, these additional requirements apply:
a. Square to circular transition length > 0.5D.

b. Square throat dimension equal to barrel diameter.

Not necessary to check square throat performance.
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TABLE 1 - ENTRANCE LOSS COEFFICIENTS
Outlet Control, Full or Partly Full

Entrance head loss Hy = k, !f
2g

Type of Structure and Design of Entrance

Pipe, Concrete

Projecting from fill, socket end (groove-end) . . .
Projecting from fill, sgq. cutend . .. . . . . .
Headwall or headwall and wingwalls
Socket end of pipe (groove-end)
Square-edge . . . . . 0 . o e .
Rounded (radiuws = 1/12D) . . . .
‘Mitered to conform to fill slope . .
¥End-Section conforming to fill slope
Beveled edges, 33.7° or 45° vevels . .
Side-or slope-tapered injet . . . . . . . .

e o ¥ &
L T Y
.

» s &
. o e s
. » - - L]

.
» -
L T N 3 T T

Pipe, or Pipe-Arch, Corrugated Metal

Projecting from fill (no headwall) . . . .4 5 o,
Headwall or headwall and wingwalls\ square-edge /. .
Mitered to conform to fill slope, paved or unpaved
BlOPE o o o o ¢ s s s » soonels o o o o % » o o4
*End-Section conforming to fill E1Ope .le o « 5« o
Beveled edges, 33.7° or 45° Bevels'/Th. & . ..o b .
Side-or slope-tapered inlet . . % . o', . e . .

kBox, Reinforced Concrete

Headwell parallel to embankment (no wingwalls)
Square-edged on 3 edges . ..o . . .
Rounded on 3 edges to radius. of 1/12 barrel

dimension, or beveled edges on 3 sides . . .

Wingwalls at 30° to/75° to barrel
Square-edged At crown Ve ¢ ¢ ¢ ¢ s s s o« s s
Crown edge ‘rounded to'radius of 1/12 barrel

dimension, or beveled top edge . . . . . . .

Wingwall at.10° to 25° to barrel
Sqguare-edged @t CTOWR .« » « o .« e . 0 0 e .

Wingwalls perallel, (extension of sides)
Square-edged~at cromm . . . . . e e e e e s

Side-or slope~tapered inlet . « + &+ « ¢« « ¢« + + o &

Coefficient ke

.

-

* s »

OOOO?OO oo
OV RGIEE (VEE IV BV

p
T
2

.

(e N o] o

#Note: "End Section conforming to fill slope,” made of either metal
or concrete, are the sections commonly available from manufacturers.
From limited hydraulic tests they are equivalent in operation to
a headwall in both inlet and outlet control. Some end sections,
incorporating a closed taper in their design have a superior
hydraulic performance. These latter sections can be designed
using the information given for the beveled inlet .
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TABLE 2 - MANNING'S n FOR NATURAL STREAM CHANNELS (16)

(Surface width of flood stage less than 100 ft.)
Fairly regular section:
a. Some grass and weeds, little or nmo brush . . . . .
b. Dense growth of weeds, depth of flow

materially greater than weed height . . . . . ; .
¢. Some weeds, light brush on banks « « « « +« &+ 2 o &
d, Some weeds, heavy brush on banks . . + « « « « + +°
e, Some weeds, dense willows onbanks . . . « « V ..
f. For trees within channel, with branches

submerged at high stage, increase all

above values by . . .90 - 4+ e e%e 0 s e s
Irregular sections, with pools, slight’ channel
meander; increase ‘values given abbve about « s e s e
Mountain streams, no vegetation in channel,
banks usually steep, (trees and brush along
banks submerged at/'high stage:
a. Bottom of‘gravel, cobbles, and few boulders . . .

b. Bottom of cobbles, with large boulders . . . . . .

13-87

0.030--0.035

0.035--0.05
0.035--0.05
0.05 --0.07

0.06 --0.08

0.01 —-0.02
0.01 --0.02
0.04 --0.05
0.05 --0.07



TABLE 3

VALUES OF BD>/ 2
BxD BDY2 B x D pp3/2
4 x 4 32.0 7x7 129.6
5% 4 40.0 8 x 7 148.2
6 x 4 48.0 9 x 7 166.7
7 x4 56.0 10 x 7 185.2
8 x4 64.0 12 x 7 222.2
14 x 7 259.3
5x5 55.9
6 x5 67.1 8 x 8 181.0
7x%5 78.3 9 x 8 203.7
8x5 89.4 10 x 8 226.3
9 x5 100.6 12 x 8 271.6
10 x 5 111.8 14 x 8 316.8
6 x 6 88.2 9 x 9 243.0
7x6 102.9 10 x 9 270.0
8 x6 117.6 12 x 9 324.0
9 x 6 132.3 14 x 9 378.0
10 x 6 147.0
12 x 6 176.4
TABLE &
VALUES OF\D>/2
D p3/2 D p3/2
4 8.0 8 22.6
5 11.2 9 27.0
6 14.7 10 31.6
7 18.5 i1 36.5

13-88

BxD BD3/2
10 x 10 316.2
12 x 10 379.4
14 x 10 442.7
16 x 10 505.9
12 x 12 498.8
14 x 12 582.0
16 x 12 665.1
18 x 12 748.3
14 x/'14 733.3
16 x 14 838.1
18 x 14 | 8942.8

12 41.6
13 46.9
14 52.4
15 58.1



o

1.0
1.5
2,0
2.5
3.0
3.5
4.0

4.5

1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

2213
1.0
2.8
5.7
9.9

15.6

22.9

32.0

43.0

E1/2

1.00
1.22
1.4%
1.58
1.73
1.87
2.00

2.12

TABLE S5

VALUES OF D3/2

D
5.0

5.5

6.0

6.5
7.0
7.5
8.0

8.5

p3/2

55.9
70.9
88.2
107.7
129.6
154.0
181.0

. 210.6

TABLE\ 6

1/2
VALUES~OF E

-
5.0
545
6.0
6.5

7.5
8.0

8.5

13-89

Efff
2.24
2.35
2.45
2.55

2'65

[~]

9.0

9.5
10.0
10.5
11.0
11.5
1270

12.5

|

9.0

9.5
10.0
10.5
11.0
11.5
12.0

12.5

p5/2

243.0
278.2
316.2
357.3
401.3
448.5
498.8

552.4

1/2

3.00
3.08
3.16
3.24
3.32
3.39
3.46

3.54
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Area in Square

TABLE NO. 7

Feet of Elliptical Sections

(Af = /4 BE or Ag = 1/4(B2°8£ )
E

B ; g] 24" 30'? 36 NJ 42!' 48" 5&" 60“ 66" ‘72" 78" J 84" 90" 96" 102" 108"
0" 13.93 | &.9L [ ————[ =] ——=— — = = -

%" 14.71 | 5.80 | 7.07] ——— N [N -

57" 15.50 | 6.87 | 8.25] 9.62] ————=| o= [ | = == = =
78" {6.28 | 7.85 | 9.42] 11.00| 12.56 = = —1=

54" 17.07 | 8.8% |10.60] 12.37] 14«14 15.90 = =

60" 17.85 | 9.82 [11.78] 13.74] 15.71] 17.67-{19.63] - - - -

66" |8.64 [10.8 |12.96] 15.12| 17.28[ 19,44 | 21.60 23.76 =

72" 19.42 |11.78 [14.13] 16.49] 18.85].91.21 | 23.56| 25.92 | 28.27 |- -

78" 12.76 |15.32] 17.87| 20.421122.97 [25.52] 28.08 30.63 | 33.18 | ————

84" 13.74 |16.49] 19.24] 21.99] 24.74 }.27.48] 30.24] 32.98 | 35.74 | 38.48 -

90" 17.67] 20.62] 28256 | 26.51 |129.45| 32.40 | 35.34 | 38.29 | 41.23 | 44.18

96" 18.85| 21.99] 25.13] 28,27 | 31.41] 34.56 | 37.69 | 40.84 | 43.97 | 47.12] 50.26

102" 20.03] 23.37].26.704.30./04 | 33.38] 36.72| 40.05 | 43.39 | 46.73 | 50.07| 53.41] 56.75]—=—=—x
108" 21.2 | 24.74] 28.27] 31.81 | 35.34] 38.88] 43.40 | 45.95 | 49.47 | 53.01] 56.54] 60.08] 63.61
120" 27.49] 31.41] 35.34 | 39.26] 43.20| 47.12 | 51.05 | 54.97 | 58.91] 62.82] 66.76] 70.67
132" 34,551 38.88143.19] 47.52] 51.83 |56.16 | 60.46 | 64,80 69.10{ 73.43] 77.74
144" 37.69] 42.41 ] 47.12( 51,84 56.54 | 61.26 | 65.96 | 70.69] 75.38] 80.11] 84.81
156" 45.95 | 51.04] 56.16 ] 61.25 | 66.37 | 71.46 | 76.58] 81.67] 86.79] 91.87
168" 54.97] 60.48] 65.96 | 71.47 | 76.95 |.82.47| 87.95| 93.46] 98.94
180" 58.89| 64.80 | 70.67 | 76.58 | 82.45 | 88.36] 94.23]100.14]106.00
192" 69.12] 75.38 | 81.68 | 87.95 | 94.25{100.51| 106.81]113.08




ha

Partly Full Circular Conduit

TABLE NO. 8

Area of Flow Prism in

Let Depth of Water = y' and Tabulated Value = C,. Then Area = C,D?
Diameter of Condyit D

y'
D .00 .01 .02 .03 .04 05 .06 .07 .08 .09
.0 |.0000 {.0013 |.0037 |.0069 |.0105 |.0147 |.0192 +{.0242 |.0294 |.0350
. L0409 | .0470 | .0534 | .0600 | .0668 |.0739 | .0811 .0885 | .0961 .1039
.2 1118 {.1199 | .1281 L1365 |.1449 |.1535 |.1623 |.171 .1800 | .1890
.3 1982 | .2074 | .2167 | .2260 | .2355 |.2450 |.2546 | .2642 |.2739 |.2836
A4 2934 | .3032 | .3130 |.3229 |.3328 |.3428 |.3527(|.3627 | 3727 | .3827
.5 ].393 .403 .413 .423 .433 .443 483 462 472 .482
.6 | .492 .502 | .512 .521 .531 . 540 .550 .559 .569 .578
.7 |.587 [|.596 [.605 |.614 |.623¢ (.632 [\640 |.649. [.657 |.666
.8 1.674 .681 .689 .697 704 712 .719 .725 .732 .738
.9 1.745 .750 .756 . | .76 {766 L7171 .775 779 ”.?82 .784

Ref: Table 7-4, "Handbook of Hydraulics," King and Brater, 5th Edition.
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BOX CULVERT EXAMPLE NO. 1

Given: Design Discharge (Q) = 1,000 cfs, for a 50-year
recurrence interval

Slope of stream bed (S,) = 0.05 ft./ft.
Allowable Headwater Elevation = 200
Elevation Outlet Invert = 172.5
Culvert Length (Lp) = 350 ft.

Downstream channel approximates an 8' wide
trapezoldal channel with 2:1-side slopes and
a Manning’s "n" of 0.03.

Requirements: This box culvert will be located, in a rural
area where the Allowable Headwater Elevation
is not too critical; that is, the damages are
low 'due~to exgeeding that ‘elevation at infrequent
times. Thus, ‘the culvert should have the
smallest possible barrel to pass design Q
without exceeding AHW El. Use a reinforced
concrete box with.n = 0.012,
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- PROJECT: _Examp/e No./

_JMN
OUTLET CONTROL DESIGNER: _J™M
DESIGN CALCULATIONS

STATION: DATE: _J2-10~-73
INITIAL DATA:
Q.50 = _{000 (fs SKETCH
AHW El. = _Z90 1
So= 0. o8 . 200
L= 350 11 AHW EI 290
v
E1. Outtet
Invert £72.5 .
Stream Data:
A ™
Fiest Approximation’ La \\‘_\J
Q= (ODO ofs kg = -5 =350 1 El Outlet
& HzAHW EL—EI Outlet Invert~h Invert £72.5"_
= —El. o
— « 200 725 &« | 22.5
Barre! Shope ,
and Materiol Recl. Come. Box Borrein= - 9C7/Z | o, A= AC_#2 o D= #: Try ZXx6°
* n ' {2) (3) (4) (5)
Q g &+D COMMENTS
Q N NE dc 3 Qn | TW hg | HWo | %
Triol No.l  No— £, 8- 7 _ p-_ b __ k- 05 Square edges
krart / Iehart & HOS 3
/000|000 2/ | /43 | 76 | .0 3.5 | 6.0 |199.5|23.8) @&~ Close ‘o "ALw Ei.
800 | 800[r3.217/4 |74 | .0 325,69 |/9/.7
1200|4200 | 30 /72 |76 | 6.0 3.8\ 6-0 {2085
TriaiNo_ 2 _ , Ne__ £ ,Bs 7, Dss@ | g 22 Geveled edpes
s000|1000| 19 | /43|76 | 6.0 5.5 |60 /9751238 &k - Lowered Wo 2°
800|800 | 12 Same as 6.0 1905 Ty /6%’
1200|,200| 27 53- cfpe 6.0, |zoss]
TriolNo—B _ N=___ /B @& D=0 b w2l Beveled edges
000| jo00) 26 | /67 |7 & | 60 3.5"| 4.0 | 2045|27.8| No good - Does 07 roees
desipnr Criferia
exceeds sINW £
Notes and Egudtions: SELECTED DESIGN
(1) de cannot exceed D :
{2) TW based on dp in natural channel, Ne_ L At Design Q:
or other downstream confrol. 8- 7 - f
(3)%:2@2*_0. or TW, whichever is farger. D= & t1 HWer{225 n
. O. 23.8
(4) HWo = H+ ho+ EI. Outiet invert. kes_©O:2 V= 22:8 14
(5) Outlet Velocity (VorQ/Area defined by de oz i
or TW, not greater than D. Do not compute . . Ly
until control section is known. *  H= |l+kt—gT33 29
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- Example Np. 7 DESIGNER:_JMN

PROJECT 2 CULVERT INLET CONTROL SECTION
DESIGN CALCULATIONS . - -

STATION: DATE: _12-10 -73
INITIAL_DATA:
Q_S? - /490 ¢s
As:nfv Eo". ;.SZLH. AHW EL__200 AHW EI._200
Loz 350_ 1y,
El. Stream
Bed at Face /22 . He

invert , where E| face (or

(4) s==So-FALL/Lq

throat)

(5) Outlet Velocity =Q/Area defined by dn at S

invert should not exceed El. streom bed.

(2) FALL=ELl Stream Bed ot Face-El. foce (or throat) invert
(3) HWr (or HWy ) = Hy (or Hy) +El face (or throat)

ko RRRPPE S SRR N
- % S Structure L) Throat Invert
= / =
N '8 El. Face Invert TAPERED INLET
D= €& NBDM2-_£2Z:-F(twe¥ 3| .\ TIONAL or BEVELED THROAT CONTROL SECTION
. % INLET: FACE CONTROL SECTION (Lower Headings)
(Pipe) ND™2 = {Upper Headings)
DEFINITIONS OF INLET CONTROL SECTION
(1) (2) (3) (4) (5) Note: Use Upper Headings for
Q He El EL Coventional or Beveled Face;
NB ) H¢ Face Stream HW. Lower Headings for Tapered
Invert | Bed f inlet Throat.
At
H Thi‘;;:t Face COMMENTS
Q t
Q 632 ) Hy Invert FALL | HW, S Vo
Trial No._Z___ Inlet and Edge Description _Beveled=edped T/l
chart 8
1000|123 | 3.9 |23.4 /766|192 %| 754 200 FAu._Coo large  Fry tapercd
* A \ysted v strearn? ‘ ¥ ~ Do s10F use bevel-
APLL
dqe co doed ,nie?
Triol No._2 Inlet_and Edge DescriptionM/”/C/ YHroat
harl 14 HDS 3
/000| 9.72| 2.65| 15:9|/84.7]| 790 |55 97 200 10033 34.2| Ok - Cat. Ferl Curves
800 [7.79 | 205 |72 3 /96:4 Erom plot ag,,,-,(,m{,, 7 s
(FALL= 7.3+ 5.9 272')
7200 |//.68| 3.9 |20.9 204.5 »a W= 200
Trial No._3 __ Inlet ond Edge Description Zapered wmlet Ffhroas, FAee = 7.2°
000 16.9.1782.8| 190 |72 |1987|0.029|33.3|8k- Copacily al ANW = Zoo
80o /2.3 /195./ /062 oL,
/200 20.4 203.2
Notes and Egquations: SELECTED DESIGN
(1) El. Face(or throat) invert = AHW EI.-Hy (or Hy)

Inlet Description:
FALL=_Z- 2 ¢t
Invert E|.z/8Z.8 .

Bevels:
Angle =
b=

in., d
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 PROJECT: Example No.[f DESIGNER:_J TN
SIDE-TAPERED INLET
DESIGN CALCULATIONS

STATION: pATE: _12-16-73
INITIAL DATA SKETCH
Q_S2_ = /000 cfs So= 085 FACE, El——,
AHWEl = 200 #, Lg= B850 #
TAPER=_ % :| Theoat
Barrel Shape
ond Materiol_BC8;  n< 0.0/2 35 (—
Face Edge D
Description_95°_Beve/s 1156
’ Cres
Ner? 87 . D-—% 1 B :“ B L
Taper Taper
n Q (2) 3) (4} (5) Upper Headings for Box
Hr oo | Min. Culverts, Lower Headings for
R ERS By Pipes

El. El.
T VR - e COMMENTS
Q  |invert % B | UL S | LS | inven

Trigl No._.Z__, Q= L8000  HW: ZOO (a. ﬂqwr‘eof) FLL = S 97

khard 18 (o8 4 S
1000784.7 2.48| e |r97 |r0.3 |05 | 70 |oo33 02843 By D°for AEY= 454

HE AWy

S00 Z./4 5.84 7Z2.8 27,/
/000 g4z | 6.50 /95 /98.8
y7x-x-) z2.77 7-74 /e.6 200.9

Triol No._ &, Q= L0800 HW-_/98.7 (FRee's 7.2%)

2
1000 /828|248 6.¢ | 147 |10:8) j05 | 2o |50z9| 0.2 \083.0| B1° for e <

Trist No.._2__,Q=..L262 Hw

"

200 (Fﬂ‘é = zz’)

042 |/82.8| 270 705 | 197 |Yo's| 0.5 7.0 o.0z9] 0.2 183.0 BO%prael

Notes and Equations: SELECTED DESIGN
(1) Hy/ Dor He/E) = (HWy —~EL Throot invert—{1)/ Dlor €] B2 -5
DSE<IID LI AN )
{2) Min.BﬁQ/EDz'?) 3?_53"2] Bevels: Angle 48 o
d=.2 _in,b=F3 in
Min Ag= O)E‘ﬁ)&%vé] Crest Check'
HWe=Z28:7 11
ta)L.{g*;NB] TAPER Her_Z7 1
Q/w=—52___ (Chart17)
{4) From throot design Min.w=_¢7 #.

{5)El.Face Invert —ELThroat Invert > | ft., recompute.
Foce and Throat may be lowered to better fit site, but do nof raise.
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Q8 =/000cts So » _©-0F
ARW EL.Z00 4. L - 350

El. Stream
bed at crest _"'?L_

ft.

ft.

PROJECT: _W_A/Ra_L._ SLOPE~ TAPERED INLET DESIGNER: sl B
STATION: OESIGN CALCULATIONS DATE: _12-106-273
ANITIAL DATA:

El stream
bed ot foce_/9_'_°_ft.
TAPER =211 (41 to 6:1)
se=_& _:1{2! 1o 3:1)
Barrel Shope
and Material L8, n=0.0/2 I
inlet Edge . L‘—Lt
ot ¢5° Bere/s MMETRICAL FLARE {
Description ANCLES P 155 T0 507 =
Nl 87 w0 & 1 VERTICAL MITERED
(L (2) (3
El g| Q Min.
Throat ace _L Comments
Q | Hwe | iovert | Invert | H %‘ 8 D¥2| D¥2 Bt B 5
Chart 16 Mavie & 53
/000 | 200 | /89-1 | /90 | 10 |s67| 57 W47 |s3.3] 24 9.038 BIDC-
3 Verfiea/ #ace posnt 701
-
1000 |/98.7| /828 | /20 8.7 |43\ 4495 /4.7 |75 3 /6 poz9 B %2~
«
2 Vertica/ face pornt o2 |
’—
Note: Use only throat designs with FALL >0.25D
{1.) El face inver}: Vertical s Approx. strsam ded slevotion
Mitered = El. Crest —y, where y = 0.4D {Approx.); but higher
than throat invert elevation.
(2.) Hf = HWs~E1. foce invert
(3) Min. B =0 /(D%) Q/8,072)
4 | = (6) (7) ®) | @ | o | an (2) GEOMETRY
Min. check | Adj\[ Agj Q Max, | BT—f L1t
L3 La L2 L2 La/| TAPER | L w W He Cglsf Li® e ft Lameeft
Lg"—ft  d=__in,
3.5 — /8| o5 — |49/ 1/5. 3 . n
TAPER= |
3.5 — /9.4 | 9.4 |3.& | - /8.0
{4.) Min, Ly=O.5N8

{5) Ly=Sty+ D/S¢

{(6.) Lo =(El. Face (Crest) Invert-El.

Throot_invert) S~ Lg
(7) Check L,* Eﬁﬁg‘% TAPER-L3

(8) 1 (7)>(6), Adj. LHE%"% TAPER-L,

(9) 1 (6)(7) Adj TAPER =(L* Ls),/ [15—'—29{53

10IL= Lo+ Ly+ Lg
(1) Mitered: W= NBQ&‘;-';EE

{l2.)Max Crest €1. = HW~ He
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PROJECT: & /e

STATION:

SLOPE- TAPERED INLET
DESIGN CALCULATIONS

DESIGNER: /M ™
DATE: __12-10-73

INITIAL DATA:.
Q50 _=/000¢fs So = 0.05

El. Stream

bed ot crest £/ ¢
El stream

bed ot face /90 i
TAPER = 4_:1 (41 to 6:1)

Se=—2 -1 (211 fo 3:1)

Barrel Shape

AHW EL. 200 1 L > 35S0 1

ond Moterial 2C8; r:0.0/2

Inlet Edge
ioti I5° Beve’s MMETRICAL FLARI el —
Description EYNGLES L I!_’I.. TOESO' L
Nl BT __no_L __n VERTICAL MITERED
(0 (2) (3)
TE|. Ec:c Q Min.
hroat e _Q Camments
o | rwe | vt | mwert | W | B | BDY2| o%2 B | & | s
chart 16 [Ravle 4 2%
/06Z| 200 | /82.8 | 790 /0 |ré7| 57 |rtn |12 |/50 0029 B -
E Verfical face oref 0.3
=
: By D32 = .
/000 |Zoo |/184.7 |/788.6 |7/ 9 [1.90|15.65 |47 (2.0 | /12.0.10.033
o~
E M. Jered face point ./
Note: Use only throat designs with FALL >0.250
(1) El.face invert: Vertical = Approx. stream bed elevotion )
Mitered = El.Crest —y, where y =0.4D (Approx.), but higher
than throat invert elevation.
(2.) Hf = HWf—~El. face invert
(3) Min. Bt =Q/((D%) Q/8;0>2)
4) | ) | (8) |"(7) ®) @ | w0 | a (12) GEOMETRY
. . . B¢ = —ft L3=_",
Min. Check Adj Adj Q Max.
L3 La L2 L2 Lz {TAPER | L w w He C?ls' Lis—ft.  Lgu—ft
Lo ——ft d= in.
3.5 - /4.4 | 725 — |&5:1 1779 b=—_in
' chact 17| TAPER= i1
35 |78 6.0 | &5 4.0 - /728 (/5.9 [63.0 | 80 |s92.0
{4.) Min. L3=0.5NB {9) 1£(6)X7) Adj.TAPER =(Lz* L3),/ F_?'—zNB]
(5.) Ly=Sty+ D/St
(10)L)= Lo+ Lg+
(6 Lo =(E1. Face (Crest) Inver-EL. rletlatle
Throap invert) St L4 (1) Mitered W= NB-+2 55 o
(7) Check L= |BIN8 | TApeR-Ly
{12.)Max Crest El.= HW- Hc
. B~ NB
(8) If (7)>(6), Adj. L3T— TAPER-L;
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PROJECT: _Example MNo. /

SLOPE-TAPERED INLET

DESIGNER: /01 1

STATION: DESIGN CALCULATIONS DATE: _lZ2-10-73
1AL DA
Q5D _ /000 ts 50 « O-05
AHW EL.Z0O 11 Ly» 350 4
El. Stream
bed ot crest £27 __ 1,
El stream
bed at face /990 i1
TAPER = 4_:1 (4:1 to 6:1)
Se=_2 1 (2! 10 3:1)
Barrel Shape .
and Material _LC8 ; n=0.0/2
Inlet Edge o y
I 945° Beve/s SYMMETRICAL FLARE
Description 2 ANGLES 'FROM 15510 50°
(YR A S A W R VERTICAL MITERED
(| () (3)
El FEI. Q Min. c
Throat ace _W B¢ omments
Q | HW | lnvert | Invert | My % 8 02| D¥2 G
chart 16 |raé/e 4 o2
J000/98.7| 182.8 | 188.6 | 10.7 | 1.e8| 5,5 N\18.7 (/3.5 79.0 Doz BT
z (fered face et H. 2
=
3 =
1062200 | 182.8 | /88.0 | /7.4 (7790 5 e5|/9.7 |12.8]| /30 D029 B P 2
N
s Miered foce posnt ro- 3
= y
Note: Use only throat designs with FALL >0.25D
(1.) El.face invert: Vertical = Approx. stream bed elevation
’ Mitered = E|.Crest —y, where y = 0.4D ( Approx.); but higher
thon throat invert elevation:
(2)) Hf = HW§-E|. face invert
(3) Min. Br=Q/((D¥2) Q/8,0°2)
4 | 6 | ®) (7) ® | @ | | un (12) GEOMETRY
Min. check | Adj\| Adj Q Mox, | BrT—Mh L1
L3 La L2 L2 Lz /|TAPER | L. | W w H C;_:elﬂ Lis——H  Lga—ft
jchart 17 lo=—_ft d= in,
35 |78 | 8¢ | ross4 | — 2181|779 155.9| 74 |79/ 3 [ n
TAPER=____ !}
3.5 |78 8.6 8.5 — [493:)1|/9.9 |/6.8143.3 | 7.9 |/92./
(4.) Min. L3=0.5NB (9) I (6)7) Adj. TAPER =(Lz+ L3) / EB'_ENBE]
(5.) Lg=Sty+ D/St
(6) Lo =(El. Foce (Crest) invert—El. (0ILi Lo+ Lo+ Ly L
Throat_invert) S¢-L4 (L) Miterad: W= NB +2 2k
(7) Check L,3 NB TAPER-Ly »
(12.)Max Crest EI. = HWe- Hec
R Be- NB
(8) It (7)>(6), Adj. Ly 5 TAPER-L;
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Conclusion - Example Problem No. 1

Since the requirements called for the smallest
possible reinforced concrete box culvert, the
barrel should be a single 7' x 6°'.

Selection of the inlet would be based on cost.
The additional 1.3 ft. of FALL gains 62 cfs

at AHW El1l. = 200.0, but this is not significant
at this site. It appears that a side- or
slope~tapered design meeting the Q and HW
requirements of point 1 would be adequate

and the least expensiwve.

Examination of the outlet control curve shows
that a discharge of 1,200 cfs (20% above\,design)
results in an AHW El. 5.5 ft, ‘above (design.

At this site, no serious flooding(of upstream
property or the roadway will be caused by

such a headwater, and"no \larger barrel is
required.

The dimensions (0f. several alternate inlet structure
designs are presented, based on points 1, 2, and

3 -on.the gulvert performance curves. Note that
the side-tapered inlets remain about the same size
for all FALL values, while the slope-tapered inlets
increase in size as FALL increases. However, the
side~tapered inlets require an increasingly larger
upstream sump)as FALL increases. Which design will
be more favorable will be a matter of economics and
site considerations.
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Given:

Requirements:

PIPE CULVERT EXAMPLE NO. 2a

Design Discharge (Q) = 1,000 cfs, for a 50-year
recurrence interval

Slope of stream bed (So) = 0.05 £t./ft.
Allowadble Headwater Elevation = 200
Elevatioun Outlet Invert = 172.5
Culvert Length (L,) = 350 ft.

Downstream channel approximates an 8' wide
trapezoidal channel with 2:1 side'slopes and
a Manning's 'n" of 0.03.

This pipe culvert wlill be located inm\a.rural

area where the ‘Allowable Headwater Elevation

is not too\critical; that is, the damages are
low due to exceeding that elevation at infrequent
times. «Thus, the-culvert should have the
smallest, possible.barrel ‘to pass design Q
without exceeding AHW El. Use a reinforced
concrete pipe with n = 0.012.
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PROJECT: Example M. 2o,

QUTLET CONTROL
DESIGN CALCULATIONS

DESIGNER: _AHL

STATION: OATE: Vaclhat s
INITIAL DATA:
0= L2090 cfs SKETCH
AHW EL = 202 _f1
So= . OS5 26
‘ O
Lox__350 AHW EI 200
Ef. Outlet
Invert /725 s,
Stream Data:
™
First Approximation La \‘\*’
Q=_1000 cfs,Ke>_ =& L,= 350 f El Outlet
M= AHW EI.—EL Outlet Invert—h, Invert {7Z:5_
Barrel Shape = 290 4725 - 5 . 2Z.5
and Material _2- €. Ppe Barrein=_ -0/2 oo A= #12 o Ds it ft; Try
* {1} {2) (3) (4) {5}
Qo &£ &+D COMMENTS
Q N NE | de 2 Qn | TW | ho | HWo | W%
Trial No.__1 , N= , B=__ Do T Ke= - 5 Square edge’s
hart 2 kwart ¢ HOS B
looo|10oe ! 23 [Wwoo | »7 | 7.0 3.5 | 7.0 |wz5 Exceeds AHW EL
TriotNo._ 2 N2l 8= 7 , D=t 7 ke Beveldd ‘edges
1000 [1poo [19.7 {1000 | »7 | 70 3.5 2.0 ligaz
8060 | B00 |1z.& (800 |71 | 70 33 |70 |192.1
1200 | 1200 [28.5 (1200 { ¥y 7 | 7.0 3.8 .79 |208.0
Trial No. , N= , B= , o= * Kot

Notes and Equations:
{t) dc cannot exceed D

(2) TW based on dn in natural channel.
or other downstream control,

(3)ho=$___go or TW, whichever is larger.
{4YHWo = H+ho+ EL Qutlet Invert.
{5) Outlet Velocity (VoFQ/Area defined by de

or TW, not greater than D. Do not compute
until control section is known.

SELECTED DESIGN

Ne 1 At Design Q¢
Bz ... .ft
D=7 1 HWo=l2222
kes o8 VoF e A
* H= Ew?ﬁ"}";‘—@ ¥t
R 29
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DESIGNER:_ AL
CULVERT INLET CONTROL SECTION :

PROJECT & xample Mo, 28
DESIGN CALCULATIONS

STATION: DATE: _{-4/-24

INITIAL DATA:
Q8D = 1000 cfs
AHW ElL = __Z0O 1t

Sr OF AHW EL ZO© AHW EI. 220
Le= B350

El Stream

Bed of Face 129 1. He

S

El Throat Invert

Barrel Shope ‘

and Moterial BS. P1pe Barreins QL2 tnlet
D 5 Structure
2

T ———
Ne L, B El. Face invert

TAPERED INLET

D=7 __  Nep¥es__== .. CONVENTIONAL or BEVELED THROAT CONTROL SECTION
. (table 57) INLET: FACE CONTROL SECTION {Lower Headings )
(Pipe) nD* = 122. {Upper Headings)

DEFINITIONS OF INLET CONTROL SECTION

(€] (2} 3 (4) {(8) Note: Use Upper Headings for
Q He EL Et. Coventionaloor Beveled Face;
) o He Face Stream HW, Lower Headings for Topered
Invert | ged t Inlet Throat.
Q H ThEo';:n ﬁéce
1 COMMENTS
e »N{.D??z o | Bt | invert FALL | HW s Vo

Trial No._.l__ Inlet and Edge Description Beveled [ Tnlek

Chart 15
1000 {1000 4.2 | 292.4[170.6 190 | 19.4 L 200 Fare 15400 large, 14
Lapered mlet
Trial No,._ & Iniet and Edge Descripfion Tapefed, Thioat - Smooth
hack 18 Hos 3%
0co ! 7.72|2.84 199 [1804 (190 |@91200 022 | 30 | Ok -cale. perf. curves
L7208 [16.] 19572 T7y _gqroore-end mlef
200 ({9.27 138 (266 206.7
Trial No. iniet and Edge Description
1000 | (000 |3-55 | 249.4175.1 | 190 44.9 | Zoo Fact *oo Carge
Notes ond Equations: SELECTED ‘DESIGN
(1) El Face{or throat) invert = ARW El.~Hy (or Hy)
(2) FALL=EL Streom Bed ot Foce~El face (or throat) invert inlet Description:
(3) HWr (or HWy) = Hy Lo Hy) + EL face (or throat) FALL=_2.9 _#t
invert , where El face (or throat) invert EL=180.1
invert should not exceed E). stream bed. Bevels:
(4) S==5,-FALL/Lg Angle = n/a
(5} Outlet Velocity Q/Avea defined by dn at S b= _in,d=__~— in.
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PROVECT: Exame No. 22

SIDE-TAPERED INLET
DESIGN CALCULATIONS

DESIGNER:__ AHL

STATION: pate:__ L/ T4
INITIAL DATA C SKETCH
Q.50 _= JO000 ofs = 5e:-0F FACE- El—, FACE —]
AHW El.=_202 ¢, La=_35¢2 _# & [ ! !
TAPER= % ___:| ‘ Herg
Barrel Shape ' -
ond Materl B¢ Ppe m
Foce Edge
Description tga M S

Cres .

Need  Be™ #t, Dol 8 By 1 1 el
) |2 Toper

0/ >< 2) 3)
%é’ "
EL D

£l Pipes
| Throat He Q : Min. Faée COMMENTS
Q Invert E A,Eig e'% A B L s et
Trial No...l ,Q=_1000 Hw,:_ZOoo

(5) Upper Headings for Box
Culverts, Lower Headings for

chart 19 Husle &
\000!180.1]| 2.7 7 2465|538 |10.0] &

3
13z 1803 By 012&)' &E'/ﬂ=-s:4—’zz~

73 Hwr
| Boo t.95 | .5 13.65 293.85
12000 2.6 4 .88 8.2 798 .4
2250 3.%3%  &.2% Z23.3 203, 5
Trial No..__, Q= , HWy -
Bf%?[gf AE'Y) =
TrialNo.___,Q-= e =

Bs D <lor AfEVz:le

Notes and Equations:

{1) He/ D [or He/E] = (HWg —EL Throat Invert- 1)/ D[orE]
DsE=<1ID - i

{2) Min. e—f=o{®§)

2]
Min.Ag= o%“z)ﬁ—E@ |

@1 {B' 2_ NB] TAPER

{4) From throat design

(5) El.Face nvert — E . Throat Invert > | ft. , racompute.
Face and Throat may be lowered o better fit site, but do not raise.

SELECTED DESIGN
Bi=_ L2 __f

Li=_ & #

Bevels: Angle 45" ©
d=_— _in,b=_%5 _in
Crest Check:

HW, =222 ¢t

He= .2
/w82 ___(ChartI7)
Min.W=_2Z:5_ 1,
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PROJECT: _EXxample No: Za o opp- TAPERED INLET DESIGNER: . /4
STATION: DESIGN CALCULATIONS DATE: _ /=//-7%

. QS0 = /008t So » OS5
AMW EL. 220

El, Streom
bed at crest 122 _ 1t

B Lg- 350 ¢

BEND—
SECTION
El. streom
bed ot face 120 __ ¢t l"‘ sz WEIR CREST
TOP EDGE OF FACE
TAPER =.4..:1 (4i1 0 611) TAPER
Se=_Z .1 (2! to 3:1) By TAFER ) 1< |
Borrel Shape - i l 1
and Material_RC_pPipe ——
Inlet Edge ‘ “ b= - L4Lt.z--—- L3
ioti 45° Berels SYMMETRICAL FLARE t
Description e SNGLES FROM 155 10 50° Lol
N b B w0 T n ¢ VERTICAL™S MITERED
Swmeotm  Concrele  Tnlek
0 (2) (3}
ﬁEL gL o Min,
. cat ace Q9 Comments
Q | Hwe | lovert | lnvert | Hy % B 52| D2 B Bt S
’ ehard jlo tobles o
o6 200 1801 1196 |16 |143 | 4.4 |uss 12313/ oz Bt vov—
3
=
Be0¥M=__
N
i
=
Note: Use only throot designs with FALL »0.250D
(1) El. face invert: Vertical = Approx. stream bed elevation
Mitered = El. Crest ~y, where'y = 0.4D:( Approx.), but higher
thon throot invert-elevation.
(2.} Ht = HW¢ —E). face invert
(3) Min. B =Q/((0¥2) Q/8,0°2)
@) | 53 | (8) (7 ) | @ | ao |0 2) GEOMETRY
Min. Check ¢{'Adj" | Adj ; Q Max, | BU@Oft L3I
L3 Le L2 L Lz | TAPER | L w w He Cgﬁ Li#2338  Lga— ft
L1285 =325 i,
2. | — 9.8 | &% - 7.8 1233 oS in
TAPER= 728 1
(4.) Min, Ls=0.5N8 (9) 1 (615(7) Adi.TAPER =(Lz+ L),/ [BLNE]
(5.5 Lq=Sgy+ D/St :
(6.) Lo (1. Face (Crest) Invert~El. GOlLLov Lar Lg
Throa Invert) S-Ls L) Mitered: W= NG 2[5, ]
(7) Check L = | BFNB TAPER-Ly ;
{12.)Max Crest Ei. » HWe- He
(8) 1 (7)>(6), Adj. L a,;ua TAPER-Lp
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Conclusion -~ Example Problem No. 2a

As in Problem No. 1, requirements were for the smallest
possible barrel, this time using a reinforced

concrete pipe. On that basis, a 7 ft. diameter

barrel was chosen.

With bevels or a groove end, the FALL was excessive,
and therefore it was decided to use a tapered inlet
at this site. The required FALL for the tapered
inlet is about 1.5D.

Selection of a side~or slope-tapered inlet would
depend on economics and site requirements. T¢ sump
a side-tapered inlet for a FALL of 9.9 ft. would
require a rather large structure upstream of the
culvert entrance.

Examination of the culvert performance curves shows
additional FALL would\achieve.vexry little.for this
barrel; therefore, no optimization was performed and
the FALL was set at 9.9 ft.
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Given:

Requirements:

PIPE CULVERT EXAMPLE NO. 2b

Design Discharge (Q) = 1,000 cfs, for a 50-year
recurrence interval

Slope of stream bed (8,) = 0.05 ft./ft.
Allowable Headwater Elevation = 200
Elevation Outlet Invert = 172.5
Culvert Length (Lz) = 350 ft.

Downstream channel approximates an 8'/wide
trapezoidal channel with 2:]1 sideslopes and
a Manning's "n" of 0.03.

This pipe culvert will be located in a rural

area where the“Allowable-Headwater Elevation

is not too critical; that is, the damages are
low due to exceeding that elevaticn at infrequent
times. | Thus, the.culvert should have the
smallest possible barrel to pass design Q
wvithout exceeding AHW El.. Use a corrugated
metal pipe with n = 0,02k,
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: Lxampl : L
PROJECT 2é OUTLET CONTROL DESIGNER: L4/
DESIGN CALCULATIONS
STATION: DATE: _~L~/5~74
INITIAL DATA:
Q80 - 1860 cts SKETCH
AHW EL = _2Q0 11,
So» 08 AHW EI, _200
- W EL
La=. 3850 1.
El Qutlet
tnvert L72-8 1.
Streom Doto:
H ™
First Approximation La *\\J
0:=.1008 cfs ky=. 229 1,850 § EL Outiet
. - - Invert d
—a — e H=AHW EL-EL Outlet Invert—h,
Barre! Shape - -200 -/725- 7 - _2o.§
f 2
and Materiol Q°ﬂ" Metal ‘P:ﬁ__&:v'retn=___..._‘°z'4 Se A= 12 or D-JQO" fr: Try 8
» o 2 | 3 | @ |5
2 =< &0 COMMENTS
Q N NB de 2 Qn W ho Hwo Vo
Trial No.__t , N= { , 8= - .08 , k,,._z_a’__
kvact 3 KChact & wo$ 3
1000 1000 | 23 7.73 | 7.87 3.5 | 7487|203. % Exceeds. AHW £/,
TriolNo._ &, N=_Z _,B=__ = , Dsl @f | k=225
1000 | 590 | 22.8 26 |¢.0 3.5 (o'o | zot Exceeds AUW &f.
TrialNo—3 __ N=_ & B = [ p: 685 o 025
1000 | so0 | 158 re5 e’y 3.5 |¢.5 |194.¢ Ok - Use
800 | 400 | 10 265|6.5 3.28 |5 |189
200600 | 22 26-516.5 3.8 |65 |20
Notes ond Eguations: SELECTED DESIGN
{1} d¢ cannot exceed D
(2) TW based on dn in noturol channel, Ne_ & At Design Q'
or other downstream control. -
5 , ' BT A
GH\;*‘%— or TW, whichever is larger. D= @.5 1 Hwo=194-5 1.
(4) HWo= H+ ho+ EL. Outlet Invert. ke=_- €5 Voo th
{5) Qutlet Velocity (Vo Q/Area defined by de
or TW, not greater than D. Do not compute [ 29n2. | | y2
untit control section is known. ®  H= li+kg+r—grag—— 2g
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—z 7 DESIGNER:_AH&
PROVECT-£Xample No.Z6 CULVERT INLET CONTROL SECTION

DESIGN CALCULATIONS
STATION:

DATE: [={T 7%

INITIAL DATA:
QS8 = LOO0O cfs
Zoo
z;::v:e Els_ 200 1 AHW EL_Z00
La=_380 ¢t
El. Stream

Bed at Face 198 _#.

Barrel Shape
and Material CMP  porrein=.024

Inlet
| Structure

§

El. Throat Invert

N-_& ,B=_~"
p , TAPERED INLET
D=..£;_.NBD3”2’—'——(-—‘;“‘ 5) | CONVENTIONAL or BEVELED THROAT CONTROL SECTION

) INLET: FACE CONTROL SECTION (Lower Haadings)
(PipeIND% «__ 2754 {Upper Headings)

DEFINITIONS OF INLET CONTROL SECTION

(1) (2) 3) (%) (5) Note: Use Upper Headings for
Q H E}. El Coventional or Beveled Face;
NB ) Hy | Foce | Stream HW; Lower Headings for Tapered
invert | Bed inlet Throot.
Q H Thi:;n e ~
t COMMENTS
Q @32 D Hy Invert FALL | HW S Vo

Trial No...l . iniet and Edge Description __Beveled " Inlet - 45*
[Chark 13

000|506 | 1.9 | 12.4 |187.6 190 |.2:4 [200 fry b Lapered mlet +hmaod

Triol No._@__ Inlet and Edge Description Japered nle}y ook = rough - Faul © 0.7’

Cwar ¥ @8] '
1000 4.63 ! 1.5 | 1.7 1893|190 107 | 200 |.048 Design sdetupeced nlet.
8oo | 3.7 11.36| 89 198.2 Curves  show oppor-hm%! +a
200 (5.6 (197 1i2-8 202.! increase Q _at AHW = Zoo
Trial No._3__ Inlet and Edge) Description_iapesed miek “throat —fouqh - Fpu.= 2.5
Crack i
1000 | 4.63| V.08 | \O. 71875 |196.| 2.5 |198.2].043 Ok - Ca.,mcn(tf at MW ¢ 200
800 | 3.7 [1.56 | 8.9 196 .4 15 1170 cbs,
D 5. 11.97 (12.8 200.3
Notes and Equations: :
(1) Ei. Face(or throat) invert = AHW El.- Hg (or Hy) SELECTED DESIGN
(2) FALL=EI Stream Bed ot Face—El face {or throat) invert infet Descripfion:
{3) HWe (or HWy ) = Hy {or Hy)+EL face {or throat) FaLL=_2.8
invert, where Ei face {or throgt) invert Et.= £BZ.6 #.
invert should not exceed El. streom bed. Bevels:
{4) S==5,-FALL/Lg Angle = ”/4
(5) Outlet Velocity =Q/Areo defined by dn af S b= in., ds= in.
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PROJECT: & e No. 26 DESIGNER: __AME
SIDE-TAPERED INLET
DESIGN CALCULATIONS
STATION: pate:_ [=/5-74
INITIAL DATA . SKETCH
Q_8D_=x 1000 5 So= 208 FACE El-—, FACE—~
AHW E1.= 200 11 Le=B50 ' & I | ,
TaPER= 4 g
Barrel Shape
and Material_Care- Cmp
Face Edge o
Description. 45 Bevels
Ne— & BT 41, D-%-5 ¢

Taper

X gs i_' 2) (3) {4) (5) | upper Headings for Box
x ‘M ) Culverts, Lower Headings for
El. ‘El e COMMENTS
Theoat t’_f_ Q ' Min, Foce
@ fmert | E [ aE%R | E2 | 4 B | L s | LS | invert
Trial No._.d___,0=1000 Hw,- ZoO Cmw. cqnu‘td‘) FAL. A-,?“
oy EwarT 19 abe & ; ‘ e A E] -
520%189.3(1.49 | 4.3 | 295|465\ 0 | & 048] 24./89.8] ¥ OT ¥4 —
' | ‘ b No. 1
[Double el oide widh sdedda 1A requires 7 & Ledvres . Ube a/N
Trial No.. %, 0=_1170 hwe-_200
o %3
sas |187.5]1.77 | 5.0 |2.58 4595|129 | 5 093 .22 is7.7] BOTAMEY -
' , Bint No. z
Trial No. e  Hg =
Br&@'vAsE"%_]=___;__
Notes and Equations: SELECTED CESIGN
(1) Hy/ Ofor Hi/E] = (HWy —ELThsoot invert-<1]ADfor E} Bra_ 9 _ #(2 tniels)
DsE=ilD L= 9 £,

(2) Min. efsqfniz; EQ‘_)%]
Min A= Q{;%&%%

{3) uf‘ ; NB] TAPER

{(4)From throat design

{5)El.Foce Invert—E | Throat invert > | ft., recompute.
Face and Throat may be lowered to better fit site, but do not raise.

Bevels: Angle __ 45 °
d=98 in,b=%5 _in
Crest Check®

HW =209

Ho= 2 f1
Q/w* 7€ (Chart17)
Minw=359 . 170
Mgkt also cossuder 72
Slope - tapared inwk
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Conclusion - Example Problem No. 2b

This represents a solution to the conditions

cited in Example Problem No. 1 using corrugated
metal pipe for the culvert barrel. The smallest
barrel which meets the AHW El. and design Q
requirements is a double 6.5 ft. c.m.p., assuming
that such a size is available from local suppliers.

Beveled edges on the culvert inlet would be
acceptable with a FALL of 2.4 ft., or a tapered
inlet could be used with a FALL of 0.7 ft., or
essentially no FALL.

Examination of the culvert performance curves’ shows

that with an additional FALL of 1.8 ft., the culvert
capacity can be increased by almost 20 percent

at the AHW El. Thus, a tapered inlet was chosen

so that the total inlet FALL, including optimization
would be kept at a minimum:) With a FALL of 2.5.ft.,
culvert capacity is 1170%cfs at AHWCEl. = 200 ft.

For a FALL of 2.5 ft.{,\a sumped, side-tapered inlet
was chosen. Such @ small FALL would require a
minor structure upstream of\the culvert) entrance.

Notice that for the double barrel side-tapered pipe
culvert, the culverts must be treated as two
separate structuresy each with its own prefabricated
side-tapered inlet., An alternate design would be
the use of two ‘eircular’.to square throat transitions
and a cast-in-place concrete side- or slope-tapered
inlet structure. In-that case, the inlet structure
could be a, dual structure so long as adequate barrel
separation is provided for backfilling around the
pipes.
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BOX CULVERT EXAMPLE NO. 3

Given: Design Discharge (Q) = 1,000 cfs, for a 50-year
recurrence interval

Slope of stream bed (8,) = 0.005 ft./ft.
Allowable Headwater Elevation = 200

Elevation Outlet Invert = 188.25
Culvert Length (Ig) = 350 ft.

Downstream channel approximates an 8' wide
trapezoidal chamnel with 2:1 side slopes and
& Manning's "n" of 0.03.

Requirements: This box culvert will be located, in a rural
area where the Allowable Headwater Elevation
is not too critical; that“is, the damages are
low due to exceeding that elevation at infreguent
times. Thus;\ the culvert should\have the
smallest possible barrel to pass.design Q
without exceeding AHW El. Use a reinforced
concrete box with.n = 0.012.
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 Examgle No. 3 . AHL
PROJECT: Exawmp OUTLET CONTROL DESIGNER

DESIGN CALCULATIONS

STATION: DATE: _/~/l-7% \./
ANITIAL DATA:
‘Q so = _JOOOC  cfs SKETCH
AHW EL =_Z200 g4
So=_O&iw o]=}-3 O
- zo00
La=_B3S© . ARWEL

El Outlet
Invert 188.28 ¢

Stream Data:

First Approximation Lo \\‘_‘4
Q=1002 cfs kys- B 1,=35C # E! Outiet ,
H:AHW EI—EL Outlet Invert—h, Invert 1205
200 _188z25- 7 . 4.75
Barrel Shape
and Material _ B & Box oo A ZT 12 o D= ft; Try 2X9
» (1} (2) (3) {4) (5}
L 8 &0 COMMENTS
Q N H NB de 2 on | Tw o HWo | Y
Trial No.__1 , N= I , B= 2 , D= 9 . ke= $ 2
Kwart § lehark & ROS 3
1000 1000 | 4.2 [\ 725 8.3 6.2/07.9 {zoot £ xceeds WARW  ET.

+ry [ larger size

: \_/

Trial No._2 _, N=__1 __ B=__40 (Dol 2  ks=__-2

1000 | 1000 | 3.2 160 | .8 7.9 &2 79 1994 Ok - close do Aww &7,
8o 800 2.\ [ 80 [ 5874 S |74 (1918
1200 (/200 | 4.78 | 120 7.6 8.3 .88y |Z201.3
Triai No , N= , B= gy D= s ke
Notes and Equations: SELECTED DESIGN
(1) de cannot exceed D :
(2} TW based on dn in natural channel, N=___ Y} At Design Q:

or other downstream control.

B=_10
= QS*D . .
(3) ho > or TW, whichever is larger. b-_9 . Hwe-199.4 g
{4)HWo= H+ho+EL Outlet [nver?. ke=_& Vor T tA
(5) Outlet Velocity (VoFQ/Area defined by d¢
or TW, not greater than D. Do not compute 29n2. L | y2
until contro! section is known. *® A= lltkerprzy—— 29
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PROJECT: Example No. 3

STATION:

CULVERT INLET CONTROL SECTION
DESIGN CALCULATIONS

DESIGNER:_ /AH &

DATE: _L—//- 7%

INITIAL DATA:
Q_So =

AHW El. ~_200
So = . O0S
La=_B8S0_ #1.

El. Stream
‘Bed at Face 192 _ ft.

ft.

Barrel Shape

{809 cfs

and Material RC BOX Barrein=-012

ARWEL_Z200Q

Inlet S —-

Structure [ gy Theoat Invert
N= \ R B= ’0
' TAPERED INLET
D=2 NBD¥2=270 (fable 3)| .\ o NAL or BEVELED THROAT CONTROL SECTION
X % . INLET: FACE CONTROL SECTION (Lower Headings)
(Pipe} ND¢ = (Upper Headings)
DEFINITIONS OF INLET CONTROL SECTION
(1) (2) (3) (4) (5) Note: Use Upper Headings for
Q H¢ EL El Coventional or Beveled Face;
NB D H Face Stream Lower Headings for Tapered
t Invert | Bed HWy Inlet Throat.
At
Q H Thilét Face
t COMMENTS
Q N/BD}z o Hy Invert FALL | HW, S Vo
Trial No._Y  Inlet and Edge Description 59%005'- cdges wox¥n " neaclwai\s
Cwarck 7
\00O | \00 | \.3 W.T 188 H1190 |7 | Zo0 ﬂ\\-\a«:k FALL 1% Sonall
dry  bevels 4o  ceduce
FALL
Trial No._& Inlet and Edge Description 5%, Bevels
cwarkd WS 3
\000 | oo | 1.Z [10.8 [\89.2 1907 )-8 200 |.0027 | 13.3 | Eare 15 wanor- no} necesw
800 &80 \.QZ | 9.2 198-4 o inecrease 136 _\'us\- 1o
200 |20 .44 [12.9 202.\ e\ivwwnate Faw - Use beveled inled]
Trial No. Inlet and Edge Description

Notes and Equations:

(1) El. Face{or throat) invert = AHW EI.-Hg {or Hy)
(2) FALL=EL Stream Bed at Face-El. face(or throat) invert
(3) HWr (or HW;) = Hy (or Hy )+ EL. face (or throat)

invert , where El. face{or throat)
invert should not exceed El. stream bed.

(4) s=So-FALL/Lg

(5) Outlet Velocity =Q/Area defined by dn at S

SELECTED DESIGN

Infet Description:
FALL=_-8 ft
Invert Et.a 189.2 ft.

Bevels:
Angle = _45°_
b-_S

in., d=__#-S in.
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Conclusion - Example Problem No. 3

This problem was formulated to illustrate the use

of the culvert design method of this manual as

applied to a site where side- or slope-tapered designs
are unnecessary. The conditions are the same as in
Example Problem No. 1, except that the stream slope

is only 0.005 ft./ft. This greatly reduces the
difference in elevation between the inlet and outlet
ends of the culvert, and reduces the chance of

inlet control governing at the design Q.

The selected design is a single 10 ft. x 9 ft.
concrete box culvert with beveled edges and la FALL
of 0.8 ft., or essentially no FALL./ The culvert
still performs in inlet control{near the,design Q,
but little can be gained through optimizatdon.
Also, the headwater ‘increases at a slow rate as the
design Q is exceeded, and in this rural site, the
consequences will be negligible.
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Given:

Requirements:

PIPE CULVERT EXAMPLE NO, L

Design Discharge (QSO) = 150 cfs
Allowable Headwater Elevation = 100.0 ft.
Elevation Outlet Invert = 75.0 ft.

Culvert Length (L) = 350 ft.

Downstream channel approximates a 5 ft.
wide trapezoidal channel with 2:1 side
slopes and a Manning n of 0.03. S, = 0.05

This pipe culvert is located in a suburban
area where the AHW El. may be exceeded by
2 to 3 ft. without extreme damage. How-
ever, headwater elevations greater than
103.0 ft. should-be,avoided for flows
significantly higher than(the design\g

of 150 efs.
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s Example Mo, 4 . JM
PROJECT /) OUTLET CONTROL DESIGNER: __JMN
DESIGN CALCULATIONS
STATION: DATE: _[Z-/0-73
INITIAL DATA:
Q38 = /450 cfs SKETCH
AHW Ei = _ 229 {1,
So= Q.08
Ln'_g_i.a.._ﬁ, AHWEL 200
P v A
El. Outlet
wert 73§
Stream Data:
| v
First Appraximation Lo \\\\_)j
Q= L8O cfs, ke = 0:25 | = B3O 1t £1 Outlet
HsAHW EL~EL Outlet (nvert—hy Invert 25
. o 14 - r _ 4 . "
Barrel Shape Vi 75 '5' 2o ;
and Material _Crrcwlar CMP Barreln=_€-024 oo A= 12 or D=_2e” f1; Try %42
* [ {2) (3) (4) (5}
e &2 &0 COMMENTS
Q N NP de 2 Qn TwW bo HWo Vo
TrialNod N4 Bz —  ,0:-3:5" x,-028
" 3 chart & wos & Héle 8
/S0 (/50 | B/ | /50 >3.5| 3.5 - /. & | Bis\/09.5 75¢3/+ 8.5\ /09.5
HWe > AW £y Try 28~
Triol No._ 2, N=_/ _ Be__ =, pel 2L _, k4= 0:25
/50 /8D |/5.6|/50 | 3.6 |38 | 7 /.6 138 949 Ok — Qheet sguare edge
- ,
100 (/00 | 70 |s00 |8/ |38 | — /4 |35 |85.5
200 200 |27.8 |Z00 |74 (4.0 F N /.9 | 4i0N/0¢-8
Trial No._2 JN=__ L B~ [ D= <7 . Kex Vo X9
/50 | /50| 4.2 26 |3.8 | 950 From infet Combrol _sectron
«
/00 | s00 | 72 | Dapean kb ¥ 210y 135 los Calewlatons, Fce req'd
200 200 |28 8 /9 |48 (/678 Use /,r;pfored /et
Notes and Equations: SELECTED - DESIGN
{1} d¢ cannot exceed D :
{2} TW based on dn in natural channel, N= s At Design Q°
or other downstream control. g — ft
(3)110=£g212 or TW, whichever is larger. 0r 4 1 Hwer_ %7
(4)HWo = H+ho+ EL Qutiet Invert. ke 0250708 Vo= A
{5) Outlet Velocity (Vo Q/Area defined by dc
or TW, not greater than D. Do not compute . E 2902 . L] v2
until contro! section is known. *  H= itk RrIsT ] 5
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Example No- 4 NER:-__ PV
PROVECT ~ CULVERT INLET CONTROL SECTION DESIGNER
STATION: DESIGN CALCULATIONS DATE: /270 - 75

INITIAL DATA:

Q.32 = /50 cts
x LSOO

e AW eLL00 v 22—

Las 350 41

El Stream
Bed at Face 2.5 #.

Barrel Shape
and Material Sire. CHPBarreins 2224

Inlet [Sye——
p Structure L_g) Throat Invert
N= , Bs= ot
. TAPERED INLET
p=_4  _  Nep¥e=__ CONVENTIONAL or BEVELED THROAT CONTROL SECTION
(Pipe) no% . 32 (rable 5) INLET: FACE CONTROL SECTION {Lower Headings}

(Upper Headings)

DEFINITIONS OF INLET CONTROL SECTION

(1) (2) 3) (4) (5) Note: Use Upper Headings for
Q H¢ Et. EL Coventional_or Beveled Foce;
NB D H Face Stream Lower Headings for Topered
f Invert | ged HWe inlet Throat.
At
Q H Thfrj;n Foce
1 COMMENTS
e /Ng;?z Yy He Invert FALL | HW s Vo
Trial No._Z__ Inlet and Edge Description _Square cdges
ch;rf' 12
150 |/50 | 2.07| 8.3 | 9,7 | 925! 0.8 r00.0|0.018 FALL reguired, vse bevels
TrialNo._@__ Inlet and Edge Description_&eve/eds edoes
lehark 13 Hos &
/50 /50 | 19277 | 923|925~ 2 700 |oos| /6 | Check tapered 1mlet
200 | /00 | /25 | S0 97.3 LAhroat
200 |200 (290 (/. /039
Triat Mo_3__ Inlet and Edge Deseription_Zagereds nlel Héroat, rovgs
lehart 1@
/50 | 9.7 /65| & (925 | 9251/ 0 | 99./|0-05| /&6 | Tncreases G alt AXNW
00 | 3.7 |12/ | 4.8 973 E/ Sfromr /a0 b s70 CLs.
200 | 6.2 | 222 89 [ 1074
Notes and Equations: SELECTED 'DESIGN
(1) ELFace{or throat) invert = AHW EL-Hg {or Hy)
(2) FALL=El Stream Bed at Face-El face (or throat) invert Inlet Description: 3'::{’”‘
{3 HWe {or HWy) = Hg (or Hy} + EL face {or throot) FALL=_C 1t ges
invert, where £1 face {or throat) Invert Ei.=_2Z-5 1.
invert should not exceed El stream bed. Bevels:
{4) 5% 5, FALL/Lg Angle = _#5°
(5) Qutlet Velocity =Q/Area defined by dn ot S b= in., d= 2 in.
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PROJECT: £ zample fo. 4

STATION:
| INITIAL DATA

SIDE-TAPERED INLET
DESIGN CALCULATIONS

DESIGNER:

DATE:

JMU

J2-70-73

030 _a_£50 cfs
AHW EL=_<£22 _#,
TAPER = __ % :1

‘Borre! Shape »

and Mme,f:_,; Circcelar
fFace Edge
: Description

Sot .08
Lo=.350 #

CrpP

48° Bevek

. g
Nl B m 1, D=t

SKETCH

{1} Hys D{or He/E] = (HWg ~EL Throat invert—1)/D(or E]
DsE=LID

I £ Q
{2} Min. B¢ Q/ﬁ)sé) '9763/2]

Min.Ag= Q,%’Q)A—‘%@

Bt -NB .
RO TAPER (4,0 - .
: {2 ] [._‘.’_1‘,9.] 4= 4.0

3 =

{4)From throat design

(5)Ei.Face Invert~ El.Throat Invert > | f1., recompute.

Face and Throot may be lowered to betfer fit site, but do not roise.

Taper
1 Q (2) {3) (4) {(5) | Upper Headings for Box
g Culverts, |ower Headings for
£ % . Pipes
Thoat | He Q l Min. e COMMENTS
O linvert E AE% E%2 A B Ly s LiS | lnvert
Triol No_Z__,Q=_/S0  HW:_22/ ( he Clower colvmn heackngs)
1 chart M e @ Table 7 Vo) = /8. 83
NS850 |92.5 | /. 4 4.0 Zo /88| 6.0 40 (0.05| a.z 92,7 }&@r&ﬁ@—,“___/
std. design: Bz /5D
76 .. 5td. desiqn Ok,
Triol No.—_, Q= » HWe=
B'a%@' AfE‘Q] L L L —
Trial No. ,Q= , Hg =
B 0% A
Notes ond Equations: (99., - 92.5 __,)/4 = /.4 SELECTED DESIGN

Br=_6:2 _ #.
Li=_%0 &
Bevels: Angle _#5__°

d= in, b=._2__in,
Crest Check:

HWe=_22: 7/ 1 3,3,:;
Hes &l 1t &7

/w342 (chart 17)
Minw=_3.4 ¢
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Conclusion - Example Problem No. 4

From the performance curves, beveled edges
meet the AHW El. of 100 ft. and Q = 150 cfs,
while the use of a side-tapered inlet would
increase Q to 170 cfs at AHW El. = 100 ft.
In both cases, the FALL = 0. It appears
that the beveled edge inlet would be
sufficient and the least costly in this
case, since the culvert performance

curve does not exceed 103.0 ft. until

Q is 186 cfs.
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Gilven:

Requirements:

PIPE CULVERT EXAMPLE NO. 5

Same data as in Example No. 4, except AHW
Elevation = 96.0 ft.

Hydrological estimates are accurate and
exceeding the AHW El. at higher discharges
is not important at this site. Therefore,
use the smallest barrel possible.

The outlet control curves of Problem 4
are applicable in thie situation. The 48"
C.M.P. is the smallest barrel which/will
meet AHW El. = 96.0 and Q = 150 cfs\

From the inlet control curves, it is
clear that a FALL must be used on the
tapered inlet to-meet the ARW El. Try
8 side-tapered (inlet, with FALL, and
8 slope-tapered inlet.
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PROJECT..Example Ao.Z...

CULVERT INLET CONTROL SECTION

DESIGN CALCULATIONS

DESIGNER: ™M™

STATION: DATE: 12-10-73 L
INITIAL DATA:
Q68 =_2/50 cfs
ARW EL 6.0 11
- 0.05 AHW 0 AHW EL.26:0
La=_3S0 . .
El Stream
Bed at Foce 22.5 H. He FAL
Barre! Shape ] -
and MoaterialCire. c'~'~‘~F~’l':3<:t'reln-a-024 e intet [ —
/ — % T Structure L_g| Throat lnvert
N= B=
’ I. Face Invert TAPERED INLET
D= 4 ,~QD3"Z=.___.. cONVENTIONAL or BEVELED THROAY CONTROL SECTION
. e £ LET: FACE CONTROL SECTION {Lower Headings) v
(Pipe)ND¥ »__32.0 (sl 8) {Upoer Headings)
DEFINITIONS OF INLET CONTROL SECTION
t) (2} {(3) (4) (8) Note: Use Upper Headings for
g EN El. Coventiono! or Beveled Face;
D ) F Stream W) Lower Headings for Tapered
ver Bed inlet Throat.
At
Q H Thi;n Face
1 COMMENTS
Q /Ngéa sy Hy Invert FALL | HW S Vo
Trial No.__/ Inlet ond Edge Description .@Mdﬂ/ wlet Hhroat. Saooth, rFarer 2.8
khart 18 #DS B
/6D | 4.7 /.57 6.3 897|925 | 281960 0.0#2{ /% |Decrded Xhal ol Hs sife
100 | 3./ | 1./3 | 45 4.2 No,_addukonol FALL 15 yushe ~
200 | .2 |2/2 | 8.5 98.2 fed. Desrgn olet fov Wy =%]o,
Trial No...2___ inlet and Edge Description EA&@J infet Hroad, revgh, FaLL= 3.)° Q= /50|63
(15D | 47 | 265| 66 | 8941925 3./ ) 96.0]0041|. 14 | lhe smecth it for shpe
00 | 3.7 | sr2/]| 4.8 94.2 Copered, rovgh for wiude-
200 | .2 |2.22| 8.9 98 3 fapered.
Trial No. inlet and Edge,Description

Notes and Equations:

(1) El. Face{or throat) invert = AHW Ei~Hy{or Hy)
{2) FALL=El Stream Bed at Foce~ElL face {or throat) invert
(3J HW (or HW, ) = Hy {or Hy) + EL face (or throat)

invert, where El face (or throat)
invert should not exceed EI stream bed.

(4) $ = So-FALL/Lg

(5) Qutlet Velocity =Q/Areu defined by dn ot S

SELECTED DESIGN

Inlet Description:
FALL=_£:8 . or B./Af
Invert El.= .@.2_‘_3. ft.

Bevels:
Anqle = /9 _
b= in., d= in.
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PROJECT: Example No. 5 DESIGNER: _J M N
SIDE-TAPERED INLET
DESIGN CALCULATIONS
STATION: paTE: _12-10 -73
INITIAL DATA SKETCH
050 = /SO efs Go= 0. 085
AHW ElL=_26¢:© f1. Lo=_250 1
TAPER= 4 1|
Borrel Shape
ond Mgteri%l Cirelar  SM.P
fFace Edge o
Description 45" Be«els
Nemd , Bo™ 1, D-—3 1
Taper -Taper
1 2 @) | (4 (5) | Upper Heodings for Box
Culverts, L.ower Heodings for
- D B¢ 'El Pipes
oot | Hr 5 | . el COMMENTS
Q Invert E AE%S £% A By Ly 5 LS | inverf
Triat No._f._ Q=780 ,H\f‘= é.0 (Usc er column Head,#gs)
Tasle & [Tkl T 5 5312 o
156 |89.4/1. 4 4.0 | z.o | 18.8]¢.0 [.a.0 |o.04\|.6.20/89.¢ [r se'e - (&85
CMmpP (tougn) Side -
Aapered  inlet
Trial No. , Q= , HWs=
813/2@ meER) =
Trial No. ,Q= , HWe =
B % e

Notes and Eguations: (9‘.0 -8, 4 =~/ )/1 =/ 4
{1} Hes Dfor H/E) = (HWy—EL Throat Invert- 1}/ Dfor E]

SELECTED DESIGN

{5)El.Foce invert = ELThroat invert > { #. , recompute.
Face and Throot moy be lowered to better fit site, but do not raise.

Min.W=_72:0 ¢

Br=. 6.2
DSE=LID Li=.2:0 &
. - Q
{2} Min. By Q{ﬁ)ﬁ,’ﬁl‘a Bevels: Angle 75 °
o d=_— _in,b=_3 _in
Min,h=o%"a)xf—@7;] Crest Check: oc.0
( Be-NG HW. = 26:2 ft  _93.0
3)14{2 ]TAPER [6,0, 4.3]4 - 2.0 He= _3C gt 370
2 /W —LE ___(ChartI7)
(4} From throot design
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PROJECT?._&M&_&L_ SLOPE-TAPERED INLET

DESIGNER: M1\

STATION: DESIGN CALCULATIONS DATE: _ 12-10-73
INITIAL DATA:
Q80 =450 cfs So » _O-OF
AHW EL. 26 4 Lo+ _BIO n
El. Stream
bed at crest 1t
SECTION
El, stream L
bed ot face . 2Z-5 ft "_Q '
TAPER =411 (41 to 6:1)
-_e . : : é
Sg___.l(?lto:ﬂ} B TAPER
Barrel Shape .
ond Moteriol _Cifeslar c.m.P
Infet Edge 2 l b=
-~ develed MMETRICAL FLARE oLy —
Description ANGLES FROM 15570 50° L
FTCR NN - DO . ST . WO '3 CVERTICAL D MITERED
Note: Use square do ciremlar transihkon sSechon, D=8z 4’ (Sreaih Cone. nlet)
(1} (2) (3}
Trsl't r—gl' a M <
00 ace 9 B omments
Q | Hwe | Invert | iovert | Hy % 8 D3| p¥2 Bt s
ey 16 [Table 4 e
/50 | 9.6| 89.7| 925 | 3.5 |0.88] 24 |86 |78 |86 |poge BUTs
o Verha face,
=
Muin! FaLL Yequived
8 D2 =
o~
8
=
Note: Use only throot designs with FALL >0.250
(1) €L face invert: Vertical = Approx. sireom bed elevation
Mitered = El.Crest ~y, where y = 0.4D (Approx.), but higher
thon throat invert elevation.
(2.) Hf = HWg~El face ivert
(3) Min. 8 =Q/(0%2) Q/840>?)
4 | & | @ (7) ) 4 @) w | an (12) GEOMETRY
= &0 z.
Min. Check | Adj 4 ™adj Q Max, | BECM LpZdn
L3 La L2 Lz La | TAPER | L4 w W He CrEe‘ﬂ LsBeH  Lge b
: Chact 17 e fln ds 2lin
2.0 — 56 |« 6.0 |24 - | 86| — - - = bs_4_in
TAPER=.. 2+ :)

{4.) Min. L3=05N8 = .5 (43 = 2.0 (9) if (8){7) AQj.TAPER ={L# L3}/ E’—zﬂ%
(5) Lg=Sty+ D/St /A

{6.}Lp=(El. Face (Crest} Invert-EL 10Li= Lo# L3+ La

Throaf Invert) S¢-Lg =(92.5 -89 Dz =s.4/L) Mitered: W=NB 'ZE_T%K"'EQ
(7) Check L= (BFNE

N TAPER-Ly.
{12.)Max.Crest El. > HWs~ Hc
-NB
(8) 1 (7)>46), Adi. Ly 15| TAPER-L,
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Conclusion -~ Example Problem No. 5

Selection of side-~tapered or slope-~tapered
inlet must be based on economics, as either
will perform the required function.
Additional FALL is not warranted at this
site. Face design was selected to pass 150
cfs at AHW El. = 96.0.

The culvert performance curves for the example
illustrate that when a prefabricated side~tapered
inlet (rough) or a cast-in-place slope-tapered
inlet (smooth) may be chosen for an installation,
both the smooth and rough inlet throat control
curves should be plotted. The difference between
the throat control curves represents the difference
in friction losses between the face and throat
sections of thednlet.
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Development of Design Charts
for Improved Inlets

General Philosophy

The concept of minimum performance was applied in developing
design curves for each improved inlet discussed. At times,
favorable hydraulic conditions will cause a culvert to operate
at a greater capacity than the design curves indicate. However,
some of these conditions are transient and cannot be depended
on to operate continuously. Therefore, their effects are not
considered in the design methods of this Circular and culverts
will be conservatively sized by these procedures.

Basic Research

The design procedures are based upon the research work
reported by French in the National Bureau of Standards Report
Numbers 7178 (8) and 9355 (10), and by French_and/Bossy in the
National Bureau of Standards Report Number 9528 (11). (These
reports are Progress Report Numbers 4, 6, @nd\7, respectively,
on the culvert hydraulic researech\performed\by the National Bureau
of Standards Hydraulic Laboratory for the Federal, Highway
Administration. Other Progress Reports were used in developing
chfs No. 5 and 10.

General

In the following discussion, reasons will be given for the
decisions made in selecting the ‘equations and coefficients used
in developing the design methods. The limitations and require-~
ments placed on their use will,also be explained. The topics
to be covered include:

1) Types.of inlets

2) General equations for each control section

3) General limitations relating to determination of
coefficients for the equations

4) Equations with chosen coefficients

5) Other specific limitations
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Types of Inlets

There were numerous inlets tested during the research,
both with and without a.FALL concentration near the inlet.
In reviewing the data, six types of tapered inlets were
chosen which had the best performance and were feasible to
construct. Theses six types included .side- and slope~
tapered designs for box and pipe culverts. :

General Equations

I. Nonsubmerged conditions (free surface flow)

11,

A.

C.

Throat control

9 % ] . | ' (1)

372
BH,

Face Control

e | ' )N
3/2
BeHe

Crest control for slope—tapered inlet with mitered
face, same as Equations (1)

Submerged conditions

A.

Throat control

H 2
2gC ‘ A°D S ;
t t
Face control
Hf 1 g2
o (= ] +k -0.01 :
~ f f
Bend control
H 2
o T S (.
D .02 2/ *kp -0.01 | (5)
84 \AP
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Limitations

Before determining values for the coefficients in the above
equations, the variables upon which the coefficients depend
had to be considered. Among these variables are the leading
edge conditions, the wingwall flare angle, the sidewall flare
angle, 6y, the top flare angle, Qt, and the slope of the fall,
S¢.

Edge Condition and Wingwall Flare Angle

Because the leading edge condition and the wingwall flare
angle are interrelated to some extent, their limitations are
combined. As some designers prefer to use square edges, a
decision was made to show design curves for both square edges
and beveled edges for box culverts. In addition,( for pipe
culverts, the thin-edged projecting condition is included.
Thus, the face control design charts (Charts (15-and 16)~for
box culverts contain two curves. The dashedwcurves cover
the following conditions:

(1) 15° to 26° wingwall flare angles with the
top edge beveled, ‘or

(2) 26° to 90° wingwall flare'angles with'no
bevels (square top edge).

The solid curves apply to:

(1) 26° to 45° wingwall flare angles with the
top edge beveled, or

(2) 45° to_90° wingwall\flare angles with top
and side bevels{

The pipe culvert face control design chart (Chart 19) contains
curves for«three inlet types: thin-edged projecting, square-
edged, and bevel-edged. Wingwalls have no significant hydraulic
effect on pipe culverts with non-rectangular entrances.

Sidewall Flare Angle

Sidewall flare angles from 0° to 20° were tested. As the
angle is reduced from 20° to 0°, the Ci¢ value becomes more
favorable, but the ki value becomes less favorable in terms of
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headwater requirement. Therefore, to strike a balance between
the two coefficients, to keep the inlet as short as possible,
and to allow some latitude to the designer, the taper was
chosen to range between 4:1 ang 6:1. '

For non~rectangular inlets, the sidewall taper is defined
as the maximum taper of 'the section. As the inlet face height
is limited to 1,1D and the required face area is obtained by
increasing By, the maximum taper is defined by a plan view of
the inlet structure,

Top Flare Angle

Research tests on the top flare angle, 6y, showed that the
"increase in face area required for throat control operation
could be obtained slightly more advantageously by inlets of
sufficient length with side taper only, rather than with inlet
geometries which included top slab flare angles, 6.4 of
appreciable magnitude.'" (NBS Report No. 9355, p. 5). | Conse-
quently, the recommended design configurations use @ @, of 0
degrees. That is, the height of the face, excluding bevels,
is equal to the height of the barrel. For the flared entrances
to circular pipe culverts, it was+found that the height of the
face, E, could vary from D to 1.1D without appreciably altering
the coefficients of the equations.

While the coefficients of the top-tapered and side—~tapered
inlet equations are similar, the. low, wide face area of the
side~tapered inlet results in greater discharge at the same
headwater, or less headwater\being required for the same
discharge, than the high narrow top-tapered face area. For
an equal headwater pool elevation,a higher average head is
applied to the side-tapered inlet.

Fall Slope

Tests on_the fall 'slope for the slope-tapered inlets varied
from a vertical fall to a 6:1 slope. The coefficients used in
developing the design curves are applicable for slopes from
2:1 to 3:1. These’slopes were chosen due to inlet performance
and for ease of construction. As the slopes become flatter,
in the 4:1 to 6:1 range, the face control coefficients become
less favorable and the inlets become prohibitively long.

Fall slopes steeper than 2:;1 require a larger bend section
area than provided by an L3 value of 0.5B with 6:1 sidewall
tapers. If L3 is increased, the total inlet length must
also be increased, thus negating any advantages of using
such a steep fall slope.
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Summary of Factors Influencing Equations

The face control equation coefficients, Cf and kg, were found
to be influenced by many variables, including the edge condition,
the sidewall flare angle, the top flare angle, and the fall
slope. However, the throat section coefficients were only
affected significantly by the sidewall flare angles.

Equations with Coefficients

The above limitations allow the following coefficients to
be determined:

I. Box Culverts
A. Nonsubmerged conditions
1. Throat control
a. Side-tapered inlets

K = 3.07

H 2/3

£ = 0.475 [ —Q_

D Bp3/2 (6)

b. Slope-tapered inlets

K = 3,07
Hy Q 2/3

BD

2, TFace control
a. Side~tapered inlets

K = 2/38
H 2/3
D . 3/2 (8

B¢D
b. Slope=tapered inlets

K=2.83
2/3

He
—— .50 ———Q]—
D 3 p3/2 9)

f

13-145



3. Crest control
H 2/3

c
= = 0.5 =375 (10)
WD
B. Submerged conditions
1. Throat control
a. Side-tapered inlets
C. = 0.94 ke = 0.96
H , 2
_t -Q
5~ = 0.0176 BD3/2 + 0,95 (11)
b. Slope-tapered inlets
Ce = 0.93 ki = 0.97
H 2
£ . -9
5 = 0.0179 BD3/2 + 0.96 (12)

2. Face control
a. Side~tapered inlets
i. For 159 to 269 wingwalls'\with _top edge
beveled +or. 262 to 90° wingwalls with no bevels

Cg = 0459 ;) =)0.85
He 2

ii. For~26%'to 45° wingwalls with top edge
beéveled or 45% to 90° with bevels on top
and sides

Ce = 0L64 ke = 0.87

2
He Q
5 )= 0.0378 5 D3/2 + 0.86 (14)
£

b. Slope-tapered inlets
i, TFor 15° to 260 wingwalls with top edge beveled
or 26° to 90° wingwalls with no bevels

g 446 | s 2 + 0.64
5 ~00 B3/ 2 ' (15)
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ii. For 26° to 45° wingwalls with top edge beveled
or 45° to 90° with bevels on top and sides

H 2

£ —9__
= 0.0378

D BfD312

3. Bend control for slope~tapered inlets

Cp = 0.80 A kb = (0,88
;?1 = 0.0232 "—12575 + 0.87
ByD

Pipe Culverts
A. Nonsubmerged conditions
1. Throat control :
a., Side-~ and slope~tapered inlets
i, Smooth pipes

H * 2

£ . B L

D D + 030016 D5/2
ii. Rough pipe

H - * 2

_t = H 8
5 T3 00045 | =7

2, Face control for side~tapered inlets

+ 0.70

o= 0,011\ —

d

(16)
17
dc
D (18)
< (19)
D

No equations are available for non-submerged conditioms.
Curves wererdeveloped ising an empirical curve in

Research Report No. 7178,

B. Submerged, conditions
1. Throat)control
a,~Side- and slope-tapered inlets
1. Smooth pipe

Ct = 0.89 kt = 0.90
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ii. Rough pipe

Cy = 0.89 k, = 0.90 Darcy f = 0.07
9 _\?

2, Face control

a.

Side-tapered inlets
i. Thin-edged projecting

Cg = 0.51 kg = 0.75
Hy q_\?
= 0.0598 + 0.74
E A E1/2
£

ii. S8quare-edged condition

Ce¢ = 0.57 kf = 0,80

He Q 2

E 0.0478 172 +.0.79
AfE

iii, Bevel~edged conditicn

Cg = 0.65 kg = 0.83

He Q 2

E = 0.0368 173 + 0.82
AfE

Slope-tapered inlets
See boxjculvert slope-tapered inlet equations

Specifle Limitations for Slope-Tapered Inlets

Bend Control

Although an equation was given for bend control in a slope-
tapered inlet and a design curve could have been developed for it
as was done for face and throat control, it was handled differently
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in order to simplify the design procedure. The bend control
and throat control equations for headwater were set equal to
each other and the minimum bend width, By, required to insure
throat control operation was found in terms of the barrel
width, B, at the throat. This value was found to be Bp =
1.14B. Using this ratio of bend width to throat width and
the flattest flare angle of 6:1, the minimum distance, L3,
between the bend section and throat section was determined
to be L3 = 0.5B. To stress a point, this is the minimum
distance measured at the soffit, and it can be greater

as conditions warrant.

FALL

The FALL at the inlet should range from D/4 to 1.5D.
Inlets with FALLS less than D/4 must be designed as side-
tapered inlets. Inlets with FALLS greater than 1.5D will
require extremely large face sections, and thus very large
inlet structures. ¥or these large inlets, frictional losses
between the face and throat sections become significant and
should be determined.
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SUMMARY OF FIELD SURVEY
OF IMPROVED INLET STRUCTURES

Hydraulics Branch
Bridge Division
Office of Engineering

and

Research and Development
Demonstration Projjects Division
Region~15

Federal Highway Administration

U.S. Department of Transportation

Washington; D.C.

November, 1971
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PRELIMINARY

SUBJECT TO REVISION

SUMMARY OF FIELD SURVEY OF
IMPROVED INLET STRUCTURES

During the period February 8 through June 1, 1971, the
Federal Highway Administration, in cooperation with the State
Highway Departments, conducted a field survey of the improved
inlet structures that had been constructed in the United States.
The purposes of the survey were to obtain information that would
assist in developing a design manual for improved culvert entrances,
to document the hydraulic performance and required maintenance of
these structures, and to record the savings that were realized,

The survey was an integral part of Research and Development
Demonstration Projects Program Project Number 20, Demonstration
of Improved Inlets for Highway Culverts. It was a coopérative
effort between the Hydraulics Branch, Bridgeé Division,)\Office
of Engineering; the Research and.Development:Demonstration Projects
Division of Region 15; and the ten Regional Offices of the
Federal Highway Administration., The partiecipation of the Division
and State offices was necessary to the.success 'of the survey.
The request was well received and the )response ‘provided an
excellent file on the use.of improved inletsy  The cooperation
of all survey participants is greatly appreciated. It should
be noted that not all States or fall installations are represented
due to time and financial constraints,, and that the savings
indicated would have been much greater if a full accounting
had been possible.

A summary of the, 75 installiations reported is attached.
Some additional information is “included on various States'
improved inlet ‘design practices. The estimated total savings
on the 66 installations| having detailed cost information was
$2,049,000.,” Individual benefits ranged from $500 to $482,000,
with savings greater than $50,000 quite common.

The results of the questions related to maintenance problems
were quite interesting. Of the 75 specific installations reported,
none had debris problems, eight were noted to have minor sediment
build-up with no clogging, and 8 had some scour at the outlet.

Of the 8 having some scour problems, only 2 required corrective
action. Of course, the use of conventional culverts at these sites
would probably have also required some type of scour protection.
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Both side~tapered and slope~-tapered inlet structures were
reported, and these were used on both box and pipe culvert barrels.

Nearly all of the States use bevels or rounded edges on
culvert entrances at selected sites where field conditions warrant.
Several States indicated that they have added this feature to
their standard plans and others are considering doing so.

Although no extensive hydraulic performance data is presently
available on improved inlet installations, several have experienced
substantial floods and reported satisfactory performance.

Attachment
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Type I - side-tapered box culvert, face section at crest
Type Il - side-tapered box cwlvert, depreseion upatrgam of face
Type I1I - slope-tapered box culvert, face section at evest
Summary of Improved Entrance Pield Survey Type IV - slope-tapered box culvert, face section on fall slepe
. Type ¥ - side-tapered pipe culwert
Note: Inlets do not necessarily conform ta HEC No. 13 stendards, . »
Type designation indicates most similsr standard inlet, Tspe V1 - slope-tapered pipe culvert
Date Design Gost Savings
State Locagion Coustructed Conventional | Improved Entrance | Conventional Tlmproved Entrancel Amount [Percentage Performance Somment s
Alabama creewasmncecmnmnsemmom e favmrmnaenven foro o e s Standard plans are availe | —-ovrommmece s i el m—— Rounded edges on culvert entrances sre
able for Type 1 entramces; shown on Gome etandard plans,
Type IIT eatrances have
been designed,

Alaska Bone constructed  eemeccmimian et i e ] e enveirne A emeciie Jemeemmae e e e e State does not use box culverts; bevels
or rounded edges for pipe culverts were
not mentioned.

Arkansas Pointsett County, State jUnder Construcd 5" x 5' x $7' KB Type 111, 4’ x & x 677 $ 3,402 8§ 2,827 $ 575 17 o & on loess, outlet scour is

Highway 163, 1.75 wiles tion (1971} RCB - Bevel dimensions 1:1 controlled,
north of Bay Village,

Colorado Highway 285 at Soda Lakes 1968 Double 10' x 8° RCE {Type 11I, Colorade $ 420,000 $200,000 $220,000 52,5 [pesign flood - 1500 cfs. Large boulders deposited in culvert.

(1% other sitee | Interchange. Conveys design, B' x 8' x 1955 [Carried 2700 cfs - boulders

mentioned, ne Turkey Creek. BCB - Bevel dimensfon: damaged culvert floor,

detatl) None . Replaced with railroad rails

lembedded in concrete.

Delawsre = | srewwesscamcmmmnsnam No improved ent¥ances have been fr-mememewmaniteeniaedinenn | amcmeaaoi il | eeae s - o Beveled or roumded entrances are never

degigned oY conatructed, used,

District of  f weeemus e No improved entikam:es have been  Jewmwmmscumcswsswsseoumrane §ommceeeinnrne §f aee S ccmemaa Sl RS TRIT LR o R L] v Beveled or rounded entrances are never

Columbia designed or comstructed. used,

Flordda | eeeeemcecencnmcas Has not desigred or constructed any Mide-tapered (Type I orili

or slope-taperad (Type IIT or IV) fnflerss = o O Jsemeemcmmone dembencc it e fomccinen o Uses 457 bevel at inlet and cutlet of all
concreta pipes; for concrete boxes, 5
2~foot radius rounded edge is used on
the sides of the barrel st junction with
hesdwall.

Georgla Dade County, 1-59, 1.49 1968 Double 5* x 4% x IType 111 single 6* x &' x $ 18,436 $ 5,604 $ 3,832 36.7 Satisfactory In the past, beveled edges on culverts

miles north of Georgia- 189* RCE 189" RCR, Bewvel dimensions: have been used on a selected basla only;

Alabama 1ine, Mot used {se¢ comments). thowsver, it le¢ planned to prepare s
jooisttuction ‘detall that will provide
o beveled edge on 211 box culverts.
inches of deposition over 73 percent of
fbarrel. It is reported that *,, outler
jitch needs cleaning...™

Dade County, I-39, 1.98 1968 Triple barrel lype III. double 7' x &' x| § 61,970 $ 38,226 $ 23,764 38,4 Trmswe s pnaraem s esavwe WO debx1s, deposition or scour problems.

wiles north of Georgia= 9" x &' 729" RCB P94’ RCB, Bevel dimensions: .

Alabama line. see previous comment.,

Dade Lounty, ¥~59, 2.54 1968 9’ x 5%x 397" RCB Fype 111,05 % 5° x 397 § 40,188° § 24,100 $ 16,088 40.0 R ~wwwww Mo debrie or scour problems reported.

ailes sorth of Georgia- CB, Bewel dimensions: Pix inches of deposition has occurred

Alabame line. Junciton jee comment for first site ia barrel over last 50 feet,

of "¥" structure, st eds

Dade County, I~59, 2.54 14968 5% 5' x 121 RCB Eype 111, 47 x &' x 121" 3 7,283 $ 5,775 $ 1,508 20.7 Satisfactory Ho debris, deposition or scour problems

milgs north of Georgia- (CB, Bevel dimenpions: reported.

Alabame line. Right pae comment for firse

fork of "Y" structure, eorgia site listed.

Dade County, 1-59, 2,54 i968 8L 5% x 160" RCB Tepe IIL, &' % &' x 1607 $ 8,794 § 5,182 $ 3,612 41,2 Satisfactory Ditto

miles north of Georgia~ RCK, Bevel dimensions:

Alsbama line, Left see comment for firse

fork of "¥" structure, Georgia site listed,

Dade County, I-59, 5,25 1968 Double 67 x &' x Type 1XI, 7' x 6 x 351" 3 .M $ 26,851 3 5,890 8.0 e s = e Mo debris ar scour at outlet reported.

miles north of Georgla- 351" RCB RCE, Bevel dimeasfons: $1ix inches of deposition over 85 percent

Alabama line. see comment for first of barrel due to embankment erosion

Georgia site limted. near inlet,

Dade County, I-59, 5,43 1968 8' & 6' x 393’ RCBA Type I1I, 5’ = §° x 393" $ 34,649 $ 23,354 $ 9,295 26.8 Ho debrie or scour problems reported,

miles north of Georgia- RCE. 3" to 12" of depasition has occurred

Alabama Iine. over lower 3% percent of barrel and
outlet ditch needs clisaning.

Bede County, I-59, 6,42 1968 7' % 6" x 312 RCB Type T11, 5' x 3' x 312° $ 21,878 $ 16,861 $ 6,817 3.5 Ho debris or scoutr problems reported,

#iles north of Georgiae RCB, Bevel dimensions: Six foches of deposition has occurred

Alabama line, see comment for first in barrel from end of taper to outlet.

Georgia site listed,




gql-¢tl

Summary of Improved Entrance Field Survey (cont.)

Date ng.ﬁ Cost ings
State Location Constructed Conventional I_r_nmg_lintt_am_e___wll roved Entrance|l Amoun Percentage Per formance Comment s
Georgia Dade €ounty, 1-59, 8.41 1968 Triple barrel 5' x |Type III, double 4' x &4' x| $ 15,272 $ 11,169 $ 4,103 26.9 | eemececmeec e Debris, deposition and scour have not
miles north of Georgla- 5' x 218' RCB 218" RCB - Bevel dimen- been problems,
Alabama line, sions: see comment for
first Georgia site listed.
Idaho Shoshone County, I-90, Design com- 9' - 4" x 6" - 2" JType III, 6' x 5" x 545' $ 57,500 $ 47,500 $ 10,000 17,5 frececccmmmmmmeceaaes State's standard practice is to use
2 miles west of Wallace. |pleted; con- pipe arch, 545' RCB - Bevel dimensions: beveled or rounded edges on all pipe
tract not let long. 6" x 6" fillet bottom culvert entrances that are 72 inches
as of June 1, corners, in diameter or larger. Use of beveled
1971. or rounded edges on culverts less than
72 inches in diameter is determined
selectively as justified by conditioms,

Ilinots | ccccceceiemmeiv—ann No installa- | <-ececcmmmmcomanon Several currently under | =mev-cocccon --- State uses 3/4" chanfer on all comcrete
tions yet, design. edges as a standard practice,

Indiana | =meemsemececaesneanno- Nome ] -emseeeceosoeoeaeo None ~  peemmeemsecce feeccoromonooo Beveled or rounded edges are never

used.

Iowa Story County, U.S. 30, 1963 Double 10' x 10' x |[Single barrel, Type I, $ 223,120 $154 ,205 $ 68,915 30.9 Satisfactory No problems reported with debris or

(has built 1/8 mile south of Iowa 728" RCB 12' x 10' x 728' RCB Passed a discharge of 1000 [deposition in barrel. Bank erosiom

approximately State University Bevel diménsions not cfs with only 4' of head- has occured downstream from outlet,

350 improved Memorial Union. explicitly stated ".,. vater. but damage haa been repaired and riprap

inlet struc~ on selected basis,." has been provided. Situatiom is no

tures). longer considered to be a problem,

Kansas Ottawa County, US-81, 1970 5" x 3' x 314' RCB |Type III, 3' x 3' x 314" $ 8,400 $ 6,200 $ 2,200 26,2 Recently approved standard incorporates

1.75 miles north of RCB - Bevel dimengions: 8" radius bevel on top slab only. No
State Highway 18. none - see commentsy problems reported with debris or
deposition in the barrel., An impact
energy dissipator has been provided.
Gray County, US-50, 3.9
miles east of Cimarron, 1970 9' x 6' x 87" RCB Type I1I, 6' x 6' x 87 $ 4,700 $ 43,500 §$ 1,200 25.5 Recently approved standard incorporates
RCB, Bevel dimensions: 8" radius bevel on top slab only, Ratl-
none| - see comments, road atructure located downstream is
expected to provide sufficient tailwater
at culvert exit to prevent scour.
Leavenworth County, US-73 1961 9'x 8" x 155/(RCB” [Type IV . B¢ x &' x0155' No ‘debris, deposition, or scour problems,
350 north of City of IRCB witi, 10" radius on top
Lansing ledge.

Kentucky Gallatin County, I-71, 1966 5' x 5' x 469" RCB [IType 1, 4" x 4" x 469" $ 43,392 $ 30,448 $ 12,944 30 Apparently satigfactory Debris and deposition within the barrel
1 1/2 miles west of RCB - Bevel dimensions: have not been problems, Some scour
Glencoe 8-inch radius. has occurred at the outlet, but has not

caused a maintenance problem yet.

Gallatin County, I1-71, 1966 7' x 7' % 423" RCB  [Type I, 6' x 5' x 423 $ 64,928 $ 40,230 $ 24,698 38 ditto ditto

2 miles northwest of RCB - Bevel dimensions:

Glencoe j8~inch radius,

Gallatin County, I-7}, 1966 10' x 10% x 427" Type, I, 8' x 8' x 427° $ 126,000 $ 82,000 $ 44,000 5 ditto ditto

2 1/2 miles northeast RCB RCB - Bevel dimensions:

of Glencoe 8-1nch radius.

Gallatin County, I-71, 1966 8' x,8' x 564' RCB Type I, 7' x 6' x 564" $ 101,650 $ 80,390 $ 21,260 21 ditto ditto

1 3/4 miles north of RCB, - Bevel dimensions:

Glencoe 8-inch radius,

Loufsiana No improved - _—— - State is developing new culvert standards
culvert inlets that will include beveled or rounded edges.
thave beenjcon- jSide-tapered and slope-tapered entrances
structed as will be considered in future designs.
yet.

Maine Arocostook County, I-95, 1965 9' x 7" x 238' RCP Similar to Type III, $ 41,390 $ 32,993 $ 8,397 20.3

1,9 miles west of Line 7' x 6' x 238" RCB

Road Bridge Bevels not used.

Aroostook County, I-95, 1965 9' x 7' x 567' RCB [Similar to Type III, $ 87,139 $ 67,809 $ 19,330 22,2
1.0 mile west of Line 7' x 6' x 567’ RCB

Road Bridge Bevels not used.

S <«
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Summary of Improved Entrance Field Survey (cont,)
Date Design Cost Savings
—bile Location Constructed Conventional Improved Entrance Conventional Tmproved Entrancg Amount Percentage Performance Comments

Maine Aiooltook County, I-95, 1965 10' x 8" x 506" RCB { Similar to Type III, $ 102,552 $ 96,475 $ 6,077 509 | mmmememe e | el
0.7 mile west of Line 9' x 8' x 506" RCB
Road Bridge Bevels not used.

Maryland Prince Georges County, 1969 Triple barrel, Type I, single barrel, $ 202.000 $151,000 $ 51,000 25 [ emememcmmm s No debris or scour problems reported.
1-95, 4 miles west of 11" x 6' x 479" RCB | 14' x 9' x 479" RCB One foot of deposition throughout
Beltaville Bevel dimensions: entire lemgth of culvert (emtrance

6-inch radius. and barrel).

Prince Georges County, 1969 Triple barrel, Type 1, double barrel, $ 114,200 $ 85,200 $ 29,000 25 e No debris or scour problems reported;

State Highway 212, 11' x 6' x 264" RCB [11' x 7° x 264" RCB

I1-95-3(26)6, 4 miles Bevel dimensions not P

west of Beltsville. given,

Michigan | -—cccoemmmmnaas Nome | c;ecemmmmmmenecas None - w====-~-~ [No side-tapered or slope-tapered

structures have been built; the
only improved inlet structures are
those with prefabricated flared end
sections.

Minnesota St, Louis County, 1960 ‘Double barrel, 96- [Type VI, sibgle barrel, $ 60,000 $ 47,500 $ 12,500 21 No Tecord available, but Ko problems with debrie or deposition
Highway TH-61, 2 1/2 inch RCP with hooded|10' x 10*' x 283' RCP apparently satisfactory, within the barrel. Scour has been
milea northeast of inlet, 283" long. Bevel dimengions not somewhat more extensive at the outlet
Duluth given, in comparison to conventional culverts,

but is not considered to be seriocus.
St. Louis County, 1960 10' x 10' x 207' RCB|Typenlll, 8' x 8' x 207' $ 31,400 $ 20,280 $ 11,120 35 [Apparently satisfactory No problems with debris or deposition
Highway TH-61, 1 mile RCB, - Bevel dimensions within barrel. A small scour hole
northeast of Duluth not given. is formed at outlet which is not
considered serious.
Cook County, Highway 1957 12' x 12' x 191" RCB|Type II1, B' x 8" x 191' $ 45,000 $),28,000 $ 17,000 38 ditto No probleme with debris or deposition
TH-61 at Grand Portage RCB - Bevel, dimensions within barrel. Scour hole has formed
not given, at end of apron at culvert outlet
Mississippi -—— State has constructed one side-tapered
and one slope-tapered inlet, Standard
being prepared for box culvert bevels.

Missouri No side-tapered or slope-tapered  |-=m--eacdomcmmmmomen | eoemmmmemee | ccmecemmcceeae e -

structures werd reported. Bevels or rounded edges are not used.

Montana Lewis and Clark County, 1964 334-fr. bridge 18:5-ft. diameter pipe $ 304,486 $214,243 $ 90,243 29.6 Satigfactory
1-15, 6 miles south of with headwall and)rounded
Wolf Creek entrance.

Nebraska Douglas County, US-73, 1968 16' x 14" x 219" Type I, 12' x 12" x 219’ $ 96,324 $ 60,854 $ 35,470 36.8  fev-emememmenemmmmceaas Use of beveled or rounded edges
1.5 miles north of 48th RCB [RCB = Bevel dimensions: ) on culvert entrances ie standard
and McKinley in Omaha 12-inch radius at bottom design procedure.

6-inch radius at top

264-inch radius on sides
Douglas County, 1-680, 1970 10" x 10" x 640' [Type III, double barrel, $ 122,609 $ 92,856 $ 29,753 24.3
1.83 miles west of RCB 6" x 8' x 640' RCB
Mormon Bridge {Bevel dimensions:

12-inch bottom radius

J6-inch top radius

24-inch side radius
Douglas County, 1-680, 1970 6' x (6’ x 642" RCB [Type III, &' x 5' x 642' $ 50,762 $ 28,702 $ 22,060 43,5
0.66 milea west of RCB - Bevel dimensions:
Mormon Bridge [L2-inch bottom radius

6-inch top radius

R4-inch side radius
Harlan County, Ragan 1971 10" x 10' x 150' RCB| Type I, 8' x 8' x 150" $ 15,544 $ 11,822 $ 3,722 23.9
West Highway, 7.7 miles RCB - Bevel dimensions:
west of Ragan 6-inch radius at top and

bottom edges.
Harlan County, Ragan 1971 8' x 8' x 173' RCB Type I, 6’ x 7° x 173’ $ 15,513 $ 10,510 $ 5,003 32.3
West Highway, 10.1 miles RCB - Bevel dimensions:
west of Ragan 6-inch radius at top and

bottom edgea.




09L-€l

Summary of Yuproved Entrance Fleld Survey {cont.)

Pate Design Cost Savings
Srate Location Congtructed Conventional Improved Entrance fal | Top Es Amount P Fer . Communt g
Nebraska Bsrian County, Ragan 1971 Double 10' x 10’ x | Type I, double 8' x 8* x | $ 24,274 § 18,356 $ 5,918 %.4 -
West Highwsy, 13.0 145 RCB 145' RCB ~ Bevel dimen-
miles west of Ragan aions:
12-inch bottom radius
6é+inch top radius
Uwinch stde radius
Kisball County, I-80, 1966 Double B' x 8 x Type I, single barrcel, $ 18,474 $ 17,038 $ 1,436 7.8 ¥o unusual problems reported,
1.4 miles cast of 156 RCB 12 x 9 % 156’ RCB
Wyoming-Nebrasks state Bevel dimensions:
boundery $-inch top radius
Kimball County, 1-89, 1966 Double B8' x 2 x Type I, single barrel, 3 18,821 $ 15,609 $ 3,212 7.1 diteo
0.9 miles east of 173" RCB 107 % %' x 173" ®CB
Wyoming-Nebraska state Bevel dimensions:
bowndary _ 6-inch top radies
Dundy County, US«34, 3 1968 7' x 7' x 186" RCB | Type I, 6" x 7' x 186" $ 12,501 $ 10,53 $ 1,967 15.7 e vapan vevenees | dires
wiles northesst of RCB, Bevel dimensions: .
OB & Q Raiiroad at 12»inch bottom radius
northwest corner of §~inch rop radius
Benkelman 24-inch side radius
Dundy County, US-34, 1968 8" x 7' x 146' RCB | Type I, 6' x 7' x 148' § 10,977 $ §,118 § 2,859 2% - -
4.3 wiles northeast of RCE, Bevel dimensions:
CB & Q Railroad at 12«inch bottom radiua
northwest corner of é-inch top radive
Benkelman 24-inch side radius
New York o e None rep - Nome reported 7 ) ememeomcmeas woranaragln - B R R Al Rt O TP TR PPN RON B Reported to be considering use
of beveled or rounded edges for
box tulvert entrances as a standard
Wousls Cacottwp | Surry County, 1-77 Wot under 8 x 6" x 390" RCB 'Type 131, 5’ x 5' RCB $eo,s00 | & 220000 sis.800 | 48 - ractice.
{propoaed), & miles weet | construction Beve! dimenaions: 131
of Wt Airy
Rutherford County, US-74, 1967 8" x 5 x 165" BCB || Iype IIZ, 5' x &' x 165' $ 6,920 $ 4,290 $§ 2,63 38 - s
0.1 mile east of State BCB - Bevel dimensions: T
Highway 2201 no bevels
Buncowbe County, I-40, 1970 Double 12° x 8' x Type 11X, double B.5' x § 3065000 $ 226,000 § 78,000 25,7 ———
at US-40 incerchange 1,146' RCB %' x_1,146* RCB
Bevel dimensions: Wooe
North Dakota - - Use of rounded mdges on all new
box culvert designs is standard
practice,
Chio Sumeit County, 1-271-6 Under Double 117 x 11’ » [Double 10’ x 1G* x 595' % 356,000 $308,000 5 48,000 13,4 5 e o
(29) SM-271-298, 1,16 constxuction 595" RCB RCB - Type LIF
wiles gouth of SR 303- (1971} Bevel dimensions:
Interchange 1' - 0F radius
Ross County, APD Under 16 % 124 % 364° 12! x,12%x 384" RCE $ 163,000 $143,000 § 20,000 12.2 o rp— w———
460(10) RDS-23-13.12, Construction BRCH Ohfe Design, Bevel
2,1 miles north of (19713 dimiensions:
UB~35 6 US 23, 1! - 0% radius
Chillicothe Interchange
Clermont County Under 18 = 127 x 835" 12 x 11' x 835" KCB $ 576,000 $476,000 $100,000 17.2 -
1-275-2{17) Construction RCE Ohio Design, Bevel
CLE~275-6,68 {1871} dimensicns:
0.82 miles north of 1e1, (2 - 0" 4= 45%)
SE~32 Interchange -
Cincinnati Outer Belt
Clermont County Under 155 %01 x 606° 12" x 11’ x 600" RCE $ 344,000 $291,000 $ 53,000 15.4 - -
1~275-2(14) Construction /&8 Ohio Demign - Bevel
CLE~275~0.00, dimensions: None given
1,6 wiles north of PO
SR-28 on Cincimmati
Outer Belt
Clelahosa B Sttt I bt - Cost  darg unavailable  Jeweoomo- - Rounded top edges are provided ou
. culvert entrances asstandsrd practice,
Beveled edges are sometimes umed but
kppt 48 & standard practice,
Pt
# 1 t
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Summary ol Isproved Entrance Field Survey (cont,)
Date Denign Cast Savings )
State Locat ion Constructed Coanventionsl Improved Entrance Convent ional IIQ:‘W&G Entvancel Amount FPerceuusc Performance Comment s
Oregon B LT T Approximately 40 box culvertz with beveled inlets lave ] ~rorommene } cmcmmeeniann -— - Do nat ume sidestapered ot stope~
been constructed -~ many were extensions of existing tapered b af Te
ingtallations {technleal data 1s not available}. Culverts experience with debris; howsver, the
were designed using FiWA bulletina, hooded tolet is used to increxse
capacity of sxisting culverts. <Con-
crete collars for pipa culverts have
proved wseful in lmproving the capacity
of an existing culvert.
Permaylvanis 1968 10 x 8 x 2,500° Type 111, ) eesvecece ] s i $100,000 |} ---m-neee
RCB Tt x 7' x 2,500° RCB
Rhode Island Xent Cownty, 1-95, 1969 Double barrel, Type 111, single barrel, $ 152,770 $112,860 $ 39,910 26
0,25 miln south of ' - 6" x 8§ x 16' x 8" x 350" RCB °
vilisge of Nooseneck 350 RCH
South Careling | ~evemvesnssrccomomeies None have beed designed or built e LT PR R BEEPER B el SRR R e - R Haa used beveisd edges on culvert
encrances at selacted sites.
South Dakota Lawrence County, I-%0, 1971 8 x 8 x 380° RCB | Type I, &' x &' x.380° ¥ 40,000 § 22,300 $ 7,500 1% - Stand design ice 18 to use
4 milew east of RCB squara edges on 21 vertical
Spearfish intarior walls and 1 1/2:1 bGavel
adge on top slab,
Laurence County, U.S, 197 34" o Type I, 48" OMP, §$ 14,680 § 1,800 $0,8,880 72.2 i - Original 60" CMP washed cut in 1969,
Highwey 144 in 140" long 140 longe Bevel .
Desdwood dimensiong:
1 1/2:1
Penningron County 1967 78" RCP Type I, 54" RCP, $ 75,10 $ 40,560 § 36,480 45.9 2t 0 Yo problems reported with debrie or
US 16, 5 miles west of 1,316 lomg 1,316 loug " deposition in the barrel; rock
Rockarviile bankers buve bean provided at inler
and outlet to prevent scour,
Tetmessee Cotfee Cownty, Stave 1968 Double 12' x 6" x Type Y, double 10" x 5° § 15,055 §$10,961 § 4,03 27.2 o oo o exasee | Improved inlet wes selected to incrasse
Highway 55, seven miles 80" RCB x 80’ RCB - Bovel discharge capacity of existing culverc
northesst of {nterasctiog dimengions: installation,
of atate highways 2 and &1 1/2:1 top bavel
55 in Mancheater,
Ternensee
Enpx County, East Leg, 1971 Triple berxei Type I, double L2%.x 12* $1,242,556 $761,617 b 481,939 38,7 Structure just completed - ~——
Kaoxville CBD Loop, 130.x 16% x 2,727 1% 2,727' RCB ne record available,
0,09 mile ssuthasst RCH Bevel dimensiona:
of fatersection of squate-edged entrance
Vine Avenue and Central
Scraet
Texss Tarrant County. Contract 34% Rep 48" RCP, 200 long $ 4,000 3 2,500 $ 508 12.5
1-820, in 1.820 ~ let Qerober 200" long Type ¥
U3 81-287 interchasge 1970 Bevel ‘dimensions:
bevela or rounded edges
fiot used,
Tarrant County, Field change 66" BCP, | 54" BCP, 1543' loog § 38,000 $ 20,000 $ 8,000 ’1
120, copnection B of oo, 5 approved) 1541° long Type ¥
1-20- US287 April 18, 1971 Bevel dimeasions:
interchange bevels or rounded edges
nor used,
Uzah 179, & 172 miles Type ¥, Ulah design. wnnumnun-nen .} $ 58,000 -
west of junction to 8 x 404 OF
Hanksville No bevel dimension given,
I-70, 3 1/2 miles west - Type V. Utah design, mermammmmees § § 34,000
of jumction to Ho bevel dimenslon given. B
Henkeville &' x 284' CMP
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Summary of Improved Entrance Field Survey (cont.)

Date besign Cosg
State Location Constructed Convent ional Improved Entrance Conventional E&rwed Eutrance
Urah US-%1, 2 milea north 1968 ] meemcemencmenaee Type IV, 9’ x 6' x 1567 -
of Cedar City RCB - NHo bevel dimension
glven, -
12 miles north of 1968 Double 14’ x 9' RCB| Type 1 3 37,000
Green River, Rmery Youble RCB, 307 x 9° x §8*
County No bevel dimension glven,
t«70, approximerely 15 1968-196% Type ¥, 12" x 276' spp . $ 40,686
milne east of Salina No bevel dimension given.
1-70, approximately 20 1968+1963 | —--mweaan -——————— ~ | Type ¥, 9' x 270" Spy - $- 28,856
miles east of Salina No bevel isformetion
given,
SR~15, 7 miles west of 1963 13' qup Type ¥V, 1I1° x 311' SPP $ 42,900 § 38,740
Mt, Carmel Junction No bevel infarmation
given,
SR-15, 6.5 mlies went 1963 15t cHp Type ¥, 12' x &4l’ SPP §  R.208 § 1 625463
of Mt. Carmel Junction No bevel fnformetion
given.
1-70, approximetely 17 | 1966-1969 Type V, 12° x 335° SPP cmeememe—wa N 8 153,109
wiles eagt of Salina No bevel Information
glven,
I-70, 1/5 wile west of 1969-1970 Type I, Single 5' x &' -
Whitehouse Interchange % 526 RCB
He bevel fwnformation
given.
1+75, approximarely 15 196841969 | cememmmmcme———— Type V. Bex to pipe Replacement =] New inlet =
miles east of Salina 97 % 135" o $ 14,297 $ 7,981
Yirginia Rockbridge County, Route | Contract let Double 8' % 8% Type 111, double b' x &) 3 87,900 $ ) 55,600
716 and 1-81, mile 1-13-1 409" RCB x 409° RCB F81l = 3 feet
north of interchange Bevel dimensiona: snone
#53 (Rowte 11 and 81)
north of Lexington, Va,
Albemarie County, I-64, Coarract let 18 x 10° % 662° RCH| Type TIi, 8" x 8" » 667 $ 187,150 $ 137,210
2,23 miles esst of 5-21+69 modifisd for 125-£2.}RCB - Bevel dimensiéns:
Albergrle-Nelson County £ilis diofaxmation not submitted.
Line Fallm 2 feet
Albemexle County, I-64, ]Contracr let 84" concrete pfpe, |Type III, 5' x 5% x 367% 5 22,584 § 21,208
3.32 wiles east of 52169 307! long RCB ~ Bevel dimensions:
Albemarle-Nelson County : information sot submitted.
Ling . Faliz 2 feet
Rockbridge County, I-3), |1964-1985 Double 6! x6' x $iogle 70 x 74 x 1,130° § 182,000 $ 140,060
five miles north of 1,130 Kce RCB - Type L
Lexington at Boute 1} Bevel dimensions:
{nterchange infermation not submitred
City of Lexington, Route 195% Double 6' x B x Single 7% x 6% x 282° BCB |3 32,941 $ 17,530
11, 6.3 mile morth of 282% RCB Type 1 .
Maury River Bevel dimensiona:
information not submitted
Washington o No improved -
inleta were
reported,
Hest Virginta | —-wwew No improved  § wr-v—mmemcmemwnn wee A box culvert with an im- §---w

Wisconsia

entrances have
been construcs
ted.

Savings
Amount, ngtc entage

Fexformance

Comments,

§.6,160

$ 15,743

§ 6,316

$ 32,300

§ 47,90

§ 1,376

$ 42,000

$ 3,411

6.4

No debris or deposition problems,
Alsc no acour problems.

Ko debris, sediment, or scour
problems,

Ho debrie or scour problems.

No debrie or scour problems.

Slope & taper less than minimum
recommended for Type V.

Slope & taper less than winimum
tecommended for Type V.,

Slope & taper less than mdsieum
recommended for Type V.,

Slope & taper less than recommended.
Ko debris or scour problewms.

Modification of existing structure,
Square to cireular section used.

5.6

esige discharge has not been!
jexceedad; operation
Isat{afactory,

23 Batisfactory

16 Patisfactory, flow has not
prceeded design dlscharge,

[proved entrance is pre-
sently being designed.

Ne culverts with fmproved entrances have ever been bullt.

Debtis at entrance, deposfrion fa
barrel, and scour at outlet have not
been problems.

Debris rack at culvert entrauce; energy
dissipator at outlet,

Ho debris problem st entwsnce;
no deposition in the barrel; ne
evidence of scour ar the outlet.

ditto
Jmproved inlets for bex culverts have
mever been used,

Reported that State has revised
standard culvert details to include
2 bevel on all culvert enttances.

ffop slab at culvert entrances have
L 172:1 bevel - this is .standard

praceice,



Summary of Improved Butrance Field Burvey (cont,}

Date Degizn . Cost Savings
State . Location Construct ed Conventional Improved Entrance Conventional Hmproved Entrancel Amount ] Percentage Per formance Comment s
Wyoming 1-80, ¥aloott Junction, 1968 Douwble 3' x &' RCB | Single 6¢' x 5' RCB | momewamnan e et § 20,000 } -c-ewen m——-—— Barrels clear, stilling hasin filled
Laramie Road L = 4407 with sediment, ¥No debris or scour
Type I, No detail on problems,
side bevels,
2" chamfer on top edge,
FAP<27, UB~26, Dwyer 1968 7' x T RCB Type I, 7' x 7' RCB R R LR EETEEEO e Has pasaed flood grester than Improved Inlet used to provide «
Junction - Lingle Road Lo+ d6' design, 1971, 1’ below tep | factor of safety, Wo significant
No bevels shown at road grade. acour or sedimentation problems.
W= 12't0 14" Side tapers less than minimm. Has
top taper.
SR-120, Meeteetne - 1969 Triple 8 x 4'RCB Type IV, Single $ 22,400 S 14,800 $07.600 34,0
Cody Road &' x &' RCB
L= 101

6" top beval

B/12 radlue 1s used on edges of all
pipe culverte, and a 6" radius 1a
used o all box culvert edges.

Region 15

FHYA . - - - Pr— pe—— JEP, s -

Tishominge County, Miss.]| 1968-1970 6' x 6' x 850° RCB | Type IT1, 4' x 4' & 850" $ 38,305 $ 28,086 $ 10,219 26,7 ] -emeen "= wws~ [ Dedris and scour at entrance and

€9L-€1l

Natchez Trace Parkway
arTishominge State Park
near interchange with
state park road, west
end of bridge over
Bear Ureek

Swain County, ¥. C, Park
Service, Route §, 3
miles west of Bryson
City, ¥.¢,

10* x B' % 162’ RCB

RCB - Bevel dimensions:
1 172:1, 4" zop bevel

Type IIL, ' x 6' x_162°
RCH - Bevel dimensions:
1 1/251, 4" top bewel

¢

53.8

Design discharge has not

has been satisfactory.

exit have not been problems.
Structure designed as Type IIT but
builr as Type 1.

Ho debris problems at inlet; deposition

within barrel bas not occurred,
4t outlet has not been a problem,




Field Performance of Improved Inlets

In order to remain informed on the locations of culverts
with improved inlets and the benefits derived from this Circular,
the following information is solicited from the user:

Location: State s, County , Highway .
miles (N,S,E,W) of .

(landmark)
Date constructed . Designed by .

New Structure , or modification of existing structure .

acres.

Area of drainage basin q.mi Stream name .
Design discharge cfs. Frequency years.

Inlet Type: . Face shape: Circular , Box ,) Oval , Arch .
Barrel: Shape , CMP , Concrete , \No.“Barrels .

(Please indicate inlet and\barrel dimensions on ‘sketch on reverse).

Savings: Estimated cost of conventional culvert $ .
(size)

Estimated cost of (culvert with improved inlet § .
Estimated savings $ .
Percent savings 7%
Basis ofvestimate, i.e., designer's estimate,

engineer's estimate, prevailing costs, or
actual bid price .

Additional Comments

Please forward to: Improved Inlets
Hydraulics Branch, Bridge Division
Office of Engineering
Federal Highway Administration
Washington, D.C. 20590

13-164
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Please complete dimensions on sketch

a. Circle inlet edges that are beveled in sketch

b. Bevel dimensions

LBz

S—————————
~B-

B = ~_‘ (Box)
D= __ | (Circular)

oy
"
]

} r
/
f ’//”::::::::T/:
r PLAN' VIEW
ft/fe
FALL =

ELEVATION VIEW

Note: For side~tapered inlets where no FALL is incorporated into inlet,

write Lz = N,A, and FALL = ¢ ,
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PROJECT:

OUTLET CONTROL DESIGNER:
DESIGN CALCULATIONS

STATION:

DATE:

INITIAL DATA:
Q = cfs
AHW EL = .t

So=
° AHW EL.
Loz o f1,

SKETCH

ElL Outiet
Invert.. . ft

Stream Data:

First Amimcl:lcm\\ Lo \\\4
Q- cfs, ke = ‘Lo . El. Outlet

H=AHW EI.—E1 Oufiet Invert—h, Invert
Barrel Shape . - — -
and Materia! e A= 12 or D=« ft.; Try
* (1) (2} (3) {4) (5)

Q Q d+D COMMENTS
Q N NB de 2 Qn W he HWwo Vo
Trial No. , N= , B= , D= y Ke=
Trial No. , N= , B= . D= .
Trial No ,N= ,B= , b= , ke

Notes and Equations:
(1) d¢ cannot exceed D
{2) TW bosed on dn in natural channel,

SELECTED DESIGN

or other downstream control. N= At Design Q'
B= . ..
(3) ho=9*D o Tw, whichever is larger,
2 D= HWos.__ __ ___ft
(4) HWo = H+ho+ EL Qutlet Invert. Ke= Vo= tA

(5) Outlet Velocity (VarQ/Area defined by d¢
or TW, not greater than D. Do not compute

. 2
until controf section is known. ® H= Eg’wzﬁg&zy—g -év-
]
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PROJECT. DESIGNER:
CULVERT INLET CONTROL SECTION
LCULATIONS
STATION: DESIGN CA DATE:
INITIAL DATA:
Qe cfs
AHWEL 7. . .  ft )
o= AHW EL
La= . ft
El. Stream
Bed at Face ft.
Barrel Shope
and Material Barrel ns. inlet [ p——
Structure L g) Throat invert
N= B=
' El. Face lnvert TAPERED INLET
D= ,NBD32 = CONVENTIONAL or BEVELED THROAT CONTROL SECTION
! 5 INLET: FACE CONTROL SECTION {Lower Headings)
(Pips} ND™ = (Upper Headings)
DEFINIT{ONS OF INLET CONTROL SECTION
) (23 (3} 4) (5} Note: Use Upper Headings for
Q M €l Et Coventional or Beveled Face;
NB iy H Face Stream Lower Headings for Tapered
D t invert | med HWr Inlet Throat,
At
] H Thsc:;:t Face
t COMMENTS
Q /@}2 = | H | invert FALL | HW, s Vo
Trial No. inlet and Edge Description
Trial No. iniet and Edge Description
Trial No. Inlet and Edge Description
Notes and Egquations: SELECTED DESIGN
{1) EL Foce{or throat} invers = AHW ElL~Hg{or Hy) —
{2) FALL = Et. Stream Bed at Face~E! face (or throat) invert Iniet_Description:
{3) HWs (or HW; ) = Hy (or Hy}+ EL face (or throat) FALL > ———ft. .
invert , where El face {or throat) invert El.= t.
invert should not exceed El streom bed. Bevels:
(4) §==So-FALL/Lg Angie =
(5) Outlef Velocity =Q/Area defined by dn ot S b= in., d= in
13-170



PROJECT:

DESIGNER:
SIDE-TAPERED INLET
DESIGN CALCULATIONS
STATION: DATE
INITIAL DATA SKETCH
Q = cfs =
AHW EL = f1. La= . ft
TAPER = s}
Barrel Shape
and Material
Face Edge
Description
N , B= #, D= ft -
(13 Q (2} 3} (4) (5) Upper Heodings for Box
He 0252 Min. Culverts, Lower Headings for
0. | Be0% Bt Pipes
El - ElL COMMENTS
T heoxit He Q \ Min. Face
Q invert E AfEié | E% Ag B¢ Ly S LS invert
Triol No. , Q= , HWg=
af§@@r~EMQ=~_w“ﬁ_
Triai No. Qs -, HW-
&#b&ﬁaaw____
Trial No. ,QF — .
B 035@ MEY)
Notes and Egquations: SELECTED DESIGN
{1} He/Dfor He/E] = (HWe ~ENThroat Invert- 11/ D{orE] Bra____ .
DsE=LID Ly= #
(2) Min, Be= .
03/2)(@ 1 8,0%/%) Bevels: Angle__—__°
a d= tn., b= in.
Min.Ag= {5112”0 / AfE”2) Crest Check:
HWe= it
By -NB e
mu{z TAPER He = "
QW= (Chart17)
(4} From throat design )
MinWs___ __ fi
{5) El.Face Invert —El.Throat invert > | ft., racompute. -
Face and Throat may be lowered to better fit site, but do not raise.
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20,8, GOVERNMENT PRINTING OFFICE:

PROJECT:

SLOPE-TAPERED INLET DESIGNER:
STATION: DESIGN CALCULATIONS DATE:
ANITIAL DATA:
Q— = cfs So = Hy Hy
AHW EL. fl. Lo~ . Sa i
£l Stream FALL §-
bed ot .crest ft BEND
SECTION
El stream "
bed ot faoce ft. r* '
TAPER = 1 (41 to 6.1}
Sp=——:1 (2i1 0. 3:1) B TAPER
Barrel Shape
and Material
“Inlet Edge e, ”J ] Labeip .
ipti SYMMETRICAL FLARE hEa——
Description e ESARE L —]
Nz 8+ ft, D= 1. VERTICAL MITERED
(| (2 (3)
o Foo Q Mo
ot € Q. Comments
Q HWt | lmvert | invert | Ht % g o672| o¥2 B ]
D2 =
s
=
8 D2 =
N
B
=
Note: Use onfy throat designs with FALL »0.25D
(1) El.face invert: Vertical* Approx, stream bed elevation,at face
Mitered = El. Crest -y, where y =040 {(Approx.), but higher
thon throat invert elevation.
(2.} HE = HW;s ~EL foce invert
(3) Min. Bt = Q
103/2)(a 180312
@ | 6y | 6 (7) @) 4@ | eo | un 23 . GEO::ETRL" "
Min. Check Adj | Adj Q Max B ot LM
L3 La Lz L2 La |TAPER | L LA " He

Crest Ly ft Lgeft

ElL
lpr . ft  d= in.

b in
TAPER® e’ |

(4.) Min. Ly=0.5N8

(5.) Lg=S#y+ D/St (Mitered only;)
(6.} Lp=(El Face (Crest) lnvert—EL

Throaf_invert) Se-L4
() Chack L = [BINB | rapgR-ty

w—

(9) If (6)X(7) Adj.TAPER =(Lg* L3),/ E’—zﬂﬂ]

10)Ly= Lo+ Lz* Ly
L) Mitered: w=NB 2 [ ]

{12 )Max.Cresy Ei.x HW - He
- NB
(8 1F (T)>(6), Adj. LfE"—gi:J TAPER-Lp

1983-0-400-267/797  13-172
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