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Foreword to Second Printing

More than 2,000 copies of the November, 1971, printing of
this Circular have been distributed 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 aids. Design charts, limitations, 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 controlled by
the inlet configuration and limitations on headwater depth.
Research (5, 6, 7, 8, 9, 10, 11) 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 or the design optimized
to fit site characteristics, design and cost considerations. The
resulting design can be termed a ''balanced'' design, or a design
in which full use is made of the selected culvert barrel and inlet
configuration, site potential and economics.

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 design 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 .
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I. Introduction

The passage of water through highway culverts involves 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) initiated 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, Ii) 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 ~ulvert entrance conditions
or by barrel resistance. The former was designated "inlet control"
and the latter "outlet control." When a c',llvert operates in inlet
control, the barrel will permit the passage of more flow than the
inlet, and in outlet control the reverse is true.

Hydraulic Engineering Circular No.5 (HEC No.5), "Hydraulic
Charts for the Selection of Highway Culverts," (12) and HEC No. la,
"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 conunon use throughout the United
States and HEC No. 5 has been translated into several foreign
languages, including Spanish, French, and NOlwegian. 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. However, 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 the design would indicate. Some of these
favorable conditions are transient and cannot be depended upon to
operate continuously; thus, their precise analysis is 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, inlet improvements can result in the
need for a barrel size smaller than would be required for a conventional
culvert at the same 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 $482,000 (38.7 percent)
by reducing a 2,700 ft. box culvert from a triple 13 ft. by 14 ft.
to a double 12 ft. by 12 ft. The latter case illustrates that the
greatest savings usually result from the use of improved inlets
on culverts with long barrels. Short barrels should also 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 rather than replacing the
entire culvert with an 84 inch diameter culvert.

In the following sections, a short review of conventional
culvert hydraulics, a discl~sion 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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II. 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 can result in full,
or nearly full flow, thereby increasing culvert capacity significantly.

Figure 3 illustrates the performance of a 30-inch circular
conduit in inlet control with three commonly used entrances: thin
edged projecting, square-edged, and groove-edged. It is clear that
inlet type and headwater depth determine 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 inlet. The performance of each inlet type
is related to the degree of flow contraction. A high degree of
contractioG requires more 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
wingwa11s 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, Qoth 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 cannot be
improved as much as those in inlet control, but the entrance loss
coefficient, ke , is reduced from 0.5 for a square edge to 0.2 for
beveled edges. Therefore, it is recommended that bevels be used
on all culvert entrances if little additional cost is involved.

Side-Tapered Inlets

The second degree of improvement is a side-tapered inlet
(Figure 5). It provides an 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 taperi.ng 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. Hf' as shown in Figure 5,
is the headwater depth based upon face control. Ht 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 entrance
section (Figure 6).

This inlet can have over 100 percent greater capacity than a
conventional culvert with square edges. 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 range of increased capacities is 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 0f the FALL concentrated 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 should be designed with a greater capacity at the allowable
headwater elevation 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 ue - 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 there is
a chance that the design frequency flood will be exceeded during
the life of the project. Culvert designs should be evaluated in
terms 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 design.

The advantages of various improved inlet designs are demonstrated
by the performance curves 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 a 4 ft. difference in elevation from the
inlet to the outlet. For a given headwater, the culvert can convey
a wide range of discharges, depending on the type of inlet used.

Curves 1 through 4 are inlet control curves for a 900 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 % 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/4 1.5 ft.

Table B depicts the reduction in headwater 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 reduction in required headwater.

TABLE B

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

Inlet Type Discharge Headwater % Reduc tion

Square-edge 500 cfs 12.5' 0
Bevel-edge 500 cfs 10.1' 19.2
Side-tapered 500 cfs 8.8' 29.6

*S10 pe-taper ed 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
geometry affects the capacity of a given culvert.
use of performance curves to compare the operation
of various sizes and entrance configurations for a
charge are discussed in detail in Sections III and

how inlet
The practical
of culverts
given dis
IV.

In improved inlet design, the inverts of the face sections
for the different types of improved inlets fall at various locations,
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 900 headwalls (same
as 900 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 REC 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 33.70 angle, d would be 6 in. and b would be 8 in.

The design charts in this Circular are based on research
resul ts from culvert models with barrel width, B, to depth, D,
ratios of from 0.5:1 to 2:1.

Mul tibarrel 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 on the basis of the total clear opening
rather than on individual barrel size. For eXdwple, 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 1:1 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 installations exceeding a 3:1 width to
depth ratio, the side bevels become excessively large when pro
portioned on the basis of the total clear wid th. For these struc
tures , it is reconunended that the side bevel be sized in proportion
to the total clear wid th , 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.

13·-19



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 REC No.9 (15).

It is recommended that Chart 9 for skewed inlets not be used
for multiple barrel installations, as the intennediate 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 the side-tapered inlet are
shown in Figure 9. The barrel and face heights are the same except
for the additio~ ~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 in a shorter inlet.

The throat and the face are 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 YTith the outlet control performance curve define
the culvert performance.
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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, Ht/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 by/the square root of gravitational acceleration, gl/2.
A table of BDj 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 150 to 260 and a 1:1 top edge bevel,
and

(2) wingwall flares of 260 to 900 and square edges (no
bevels). A 90 0 wingwall flare is commonly termed a
headwalL.

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

(1) wingwall flares of 260 to 450 with a 1:1 top edge bevel,
or

(2) wingwall flares of 450 to 90 0 with a 1:1 bevel on the
side and top edges.

Note that undesirable design features, such as wingwall
flare angles less than 150, or 260 without a top bevel, are not
covered by the charts. Although the 1.5:1 bevels can be used,
due to structural considerations, the smaller 1:1 bevels are
preferred.
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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
~apered 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 calculations 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) and 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 performar ce curve is for a double 6 ft. x 5 ft.
box culvert with a side-tapered inlet with no FALL upstream. It
is a composite of the thro3t and face control curves. The outlet
control curve was also computed, but falls outside of the limits
of the figure. This tndicates that further increases in capacity
or reduction in headwater are possible. Face control governs to
a discharge of 375 cfs, and throat cont·rol 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 Barrel Design

As shpwn in the above example, double barrel structures may
be designed with improved inlets. Th fac 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 chis 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 ~mprovements 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 O.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-ta~ered inlets. By entering Chart 14
with a computed value for Q/HD /2, Ht 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 wingwa1l 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 wingwa1ls,
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 Hill always
be applicable. If these limitations are not met, 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 than 2:1 have adverse performance
characteristics and the design curves do not apply. If
a fall slope less than 3:1 is used, revert to design
Chart 15 for side-tapered inlets and use the fall slope
that is availab Ie. Do not interpolate between Charts 15
and 16.

The FAL~ should range from 0/4 to 1.50 for direct
use of the curves. For FALLS greater than 1.50, frictional
losses between the face and the throat must be calculated
and added to the headwater. For FALLS less than 0/4, use
design Chart 15 for side-tapered inlets and the FALL that
is available. Do not interpolate betw~en Charts 15 and 16.

The sidewall taper should be from 4:1 to 6:1. Tapers
less than 4: 1 are unacceptab Ie. 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 O.5B measured at the soffit or
insirue-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 O.5B .

13-29



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 foun 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 singlel 7 ft. x 6 ft.
culvert (hatched line) is developed from the f~ce control curve
(Curve 5) from 0 to 950 cfs, the throat contror curve (Curve 4)
from 950 to 1,200 cfs and the outlet control crrve (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 d~scharge. This
is an invaluable tool in assessing the consequences of a flood
occurrence exceeding the design discharge estifuate. The use of
performance curves in maximizing performance and optimization
of design will be discussed in Section VI of this Circular.

Double Barrel Design

Charts 14. 16, and 17 depict single barrel installations,
but they are applicable to douhle barrel installations with the
center wall extended to the face section.

In addition to the comments and limitations for single
barrel slo~e-tapered inlets, the face must be ~roportioned on
the basis of the total clear width. The centet wall is extended
to the face section and may have any desired eage treatment.

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

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. Instruc
tions for use of these charts are contained in REC No. 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 retained at the upstream end of
concrete pipes, even if 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 instal1ations using the appropriate design
charts in Section VII, since each pipe requires a separate bevel.

Side-Tapered Pipe Inlets

(Flared Inlets)

Description

The side-tapered or flared inlet shmm in Figure 1.5 is
comparable to the side-tapered box culvert inlet. The face area
is larger than the barrel area and 'iClay 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 arc that the vertical
face dimension, E, be equal to or greater thaTl D and equal to or
less than l.ID and that only the above face shapes be used with
inlets designed using Chart 19. Rectangulat faces may be used in
a manner similar to that descrihed for the si-dt;- and slope-tapered
inlet. The side taper should range froUl 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, if 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, th.roat control should govern in the
design of all improved inlets. Throat control design curves for
side-tapered i.nlets 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 those built of corrugated
metal. The need for two curves results from different roughness
characteristics and the difference in energy losses due to friction
between the face and throat of the inlets.

Chart 18 applies only to circular barrels. It should not be
used for rectangular, pipe-arch, or oval sections. Chart 14 is
used for rectangular sections, but no information is available
for using improved inle.ts 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 forI
the thin-edged ~rojecting inlet, 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.l.D, 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/AfE1/2, 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 eJliptical, circular, a circular segment, or a pipe-arch.
However, this chart does not apply to rectangular face shapes •
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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 conditions,
face control may govern.

It may be advantageous for adjacent States with similar
topographic condilions 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 of constructing such a depression,
including a drop similar to that shown fer the side-tapered box
culvert inlet with flared wingwalls. This configuration consists
of a constantly sloping bott:om 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 ~nough to avoid crest control.

Another means of providing a FALL upstream of the face is
depicted in Figure 16. This configuration can be used with 90 0

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, Wp , of the depression should be

Bf + T or ~T, whichever is larger;
(3) the:- crest length should be taken as Wp + 2(P) when

usi.ng Chart 17 to determine the minimum required weir
length .
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Slope-Tapered I
Inlets for Pipe CUlvelts

In order to utilize more of the available total culvert fall
in the inlet area, as is possible with the box Iculvert slope
tapered inlets, a method was devised to adapt ~ectangular inlets
to pipe culverts as shown in Figure 17. As notled in the sketch,
the slope-tapered inlet ,is connected to the pip1e culvert by use
of a square to circular transition over a minimum length of one
half the pipe diameter. The design of th~s in]£t is the same as
presented in the box culvert section. There aric 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, fhe square throat
section need not be checked. The culvert perforrnan~e curve
consists of a composite of performance curves fbr the inlet
control sections and the outlet control performknce 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 recommendetl that plans
permit prefabrication or precasting as an alterhate to in-place
construction.

Rectangular Side-Tapered Inlets
for Pipe Culverts

The expedient suggested for adapting the stope-tapered inlet
for use with pipe culverts can also be used on ~ide-tapered inlets
where unusually large pipes or sizes not commonly used are
encountered. It,may not be economical to prefabricate or precast
a "one- o f-a-kind" side-tapered or flared inlet, in which case,
a cast-in-place rectangular side-tapered inlet ~ould be a logical
bid alternate. Also, flared inlets for large pfpes may be too
large to transport or to handle on the job. In.lthis 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 ptovided in Charts 18
and 15, respectively.
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Figure 17
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Design Limitations

In addition to the design limitations giien previously for
box culvert srope-tapered inlets, the followlng criteria apply
to pipe culvert slope-tapered inlets and rectangular side--tapered
inlets for pipe culverts: I

1. The rectangular throat of the inlet Just be a square
section with sides equal to the diame\ter of the p5pe
culvert.

2. The transition from the square throatl section to
the circular throat section must be n~ shorter than
one half the culvert 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 circulrr 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. The amount 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 struc~ure using the design
methods of this ~i~cular. I

An alternative would be to design a SeriE'~ ()f individual
circular culver~s with slope-tapered inlets. 'his 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
so 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 Estimates

The design discharge for a culvert is an estimate, usually
made with some recognition of 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 anyone 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 life. 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 ~aximum permissible elevation of the headwater pool of
the culvert at the design discharge is termed the Allowable
Headwater Elevation. This elevation must be ~lected by the
designer based on his evaluation of many fact rs, all of which
should be well documented. These include hig ay elevations,
upstream development and land use, feature el vations, historical
high water marks, importance of the highway, and damage risks.
Possible loss of life and property, and traff c delay and
interruption should be considered in the damage risk analysis.

Throughout the design process, the deSig-ler should remain
aware of the consequences of exceeding the Al~owable Headwater
Elevation. In some situations, such as in ru~al 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 detris.

AS with conventional culvert design, if t e drainage basin
will contribute a large amount of drift and de ris, the debris
control design procedures presented in HEC No. 9 (15) should be
utilized.

To prevent large drift material from lodging in the throat
section of inlets with side tapers, a vertical~co1umn may be
placed in the center of the inlet face. Any m teria1 passing
the face section should then easily clear the ulvert 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 debr s 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 stream
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 is increased, and the flow area and velocity remain
essentially the same. This fact can be confirmed by reviewing
the example problems.

The method for computing outlet velocity 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 by trial and error using a form of
Manning's Equation:

Q 1.49
n

~

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 fr greater than
the height of the culvert or when critical dep h is greater
than the height of the culvert.

In the field survey, 8 of the 75 improved inlet installations
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,lit 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 reduced.
The embankment may be warped to fit the culvert and remain
aesthetically pleasing. I

Avoiding inlet skew is especially important in multiple
barrel culverts. The i~terior 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 de ression will
probably require more excavation than a culver. with its invert
near the original stream flowline. If this excavation must be
made through rock or other difficult material, it may be more
economical to use a side-tapered design, assuming that both designs
are hydraulically feasible, even though the banlrel size of the
slope-tapered culvert may be smaller.

Culvert Length

As previously mentioned, the culvert barr~l cost usually
far outweighs the cost of the inlet structure. Therefore, if a
very long culvert 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
cases where the capacity of an existing culvert was increased by
addition of an improved inlet rather than 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. Such 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 Analyze Site Characteristics

Site characteristics 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.), roadway elevations and the elevation of upstream
property should be considered. The consequences of exceeding the
AHW E1. should be evaluated and kept in mind throughout the design
process. In some instances, such as in unpopulated rural areas,
little or no damage would result, while at some sites great losses
may ensue.

Culvert design is actually a tria1-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 2S eD shorter than the
distance between the points defined by the intersections of
the embankment slopes and the stream bed, where Se is the embank
Inent slope, and D is the culvert height. The inlet invert
elevation w:i,ll 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 So is 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
us~d to define the flow rate, the available data on which it is
based, etc.

Step 3. Perform Outlet Control Calculations and Select Culvert
(Cbarts 1 through 6)

'filese 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 (HWo) exceeding the allowable headwater eleva
tion (Am" EI.). For use in this procedure, the equation for
headwaLer is in terms of elevation.

The full flow outlet cont:col performance curve for a given
culvert (size, inlet edge, shape, material) defines its maximum
performan<..:e, 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.

INhen the "arrel 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 lery steep (rapidly
increasing headwater requirements for discharges higher than
design) or use of such a small barrel may notlbe practical.

a) Calculate HWo at design discharge fo trial culvert
sizes, entrance condition, shapes, aid materials.

b) Calculate headwater elevations at two additional
discharge values in the vicinity of 1esign Q in
order to define outlet control performance.

c) Plot outlet control performance curvJs for trial
culvert sizes.

d) Select culvert barrel size, shape anJ material.

This selection should not be based solely on clalculations
which indicate that the required headwater at the design dis
charge is near the AHW EI., but should also bel based on outlet
velocity as affected by material selection, the designer's
evaluation of site characteristics, and the possible conse
quences of a flood occurrence in excess of thel estimated
design flood. A sharply rising outlet control performance
curve may be sufficient reason to select a CUIV\ert of
different size, shape or material.

Figure 19
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In order to zero in on the barrel size required in outlet
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:

H = AHW El. - El. Outlet Invert - ho

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

(2) Using the point on the "Turning Line," ke , 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 REC
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)

b)

c)

d)

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

Determine required face invert elevation to pass
design discharge by subtracting Hf from the AHW El.

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 AH\v F.l.

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.

13-51



e)

f)

g)

h)

i)

Add Hf to the invert elevation to determine HW f •
If HWf is lower than HWo , the barrel fperates in
outlet c@ntrol at design Q. Proceed jO 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. If square edges fere used in
Steps 3 and 4 above, repeat with beve~ed edges. If
beveled edges were used, proceed to srep 5.

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

HWf = Hf + EI. face invert. I

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

Proceed to Step 6.

CONTROL

Figu re 20
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Step 5. Perform Throat Control Calculations for Side- and
Slope-Tapered Inlets (Charts 14 orlB)

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 Ht 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) If 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 excessive, a larger barrel
must be selected. Return to Step 5(a).

e) Add Ht to the invert elevation to determine HWt. If
tlWt is lower than HWa , the culvert 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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Some possibilities are illustrated in FiJure 21. The
minimum inlet control performance which will meet the selected
design criteria is illustrated by Curve A. This design has
merit in that minimum expense for inlet improVements and/or
FALL is incurred and the inlet will pass a flolod in excess
of design Q before performance is governed by outlet control.
This performance is adequate in many locations, including
those locations \.Jhere head\olaters in excess of the AHW £1.
would be tolerable on the rare occasion of floo

l

ds in excess
of design Q.

Curve B illustrates the performance 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 £1. A safety factor in capacity 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 bombination of
the two. Additional inlet improvement and/or FALL will
not increase the capacity at or above the AHW fl.

There may be reason to pass the design flfw at the
lowest possible headwater elevation even thougr the reasons
are insufficient to cause the AHW Cl. to be set at a lower
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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 natural 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 inlets. To
define any other inlet control performance curve such as
B, C, or D for the same control section:

a) Select a point on the outlet control performance
curve.

b) Measure the vertical distance from this point to
Curve A. This is the difference in FALL between
Curve A and the curve to be established, e.g., the
FALL on the control 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)

e)

f)

g)

Estimate and compare the costs incurred for FALLS
(structural excavation and additional culvert
length) to achieve various levels of inlet
performance.

Select design with increment in cost warranted
by increased capacity and improved performance.

If FALL required to achieve desired performance
is excessive, proceed to Step 5.

If FALL is acceptable and performance achieves the
design objective, proceed to Step 8.
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Ste 7. Desi n Side- and/or
16,17, and 19)

Charts 15

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-tape ed inlet or a FALL
in the inlet of a slope-tapered inlet.

The face of the side- or the slope-tatered inlet should
be designed to be compatible with the thro t performance
defined in Step 6. The basic principles 0' selecting the
fac'.' design are illustrated in Figure 22.

Figu re 22

z
o
j:
~

>
W
...J
W

AHW EL.

--
.-- --- ..-:;;"-

a

.•10
I

Z
(:J

en
w
Cl

DISCHARGE

ATURAL W.S•

ELEVATIONS
Throat Control,
Tapered Inlet

-+-----Outlet Control
(ke=O.21

POSSIBLE
ACE DESIGN
SELECTIONS

The minimum face design is one whose
does not exceed the AHW El. at design Q.
design requires that full advantage be tak
capacity and/or lower headwater requiremen
use of various FALLS. This suggests a fac
curve which intersects the throat control
the AHW El., (2) at design Q, (3) at its i

13-56

erformance curve
owever, a "balanced"
n of the increased
gained through
performance

urve: (1) at
tersection with



•

•

•

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 (HWf) exceeding the AHW El.
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, c
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 El. at design Q; e.g., with
the minimum acceptable throat control performance curve.
(4) Other: Variations in the above options are available
to the designer. The culvert face can be 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), however, appear to
fulfill design objec';ves 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 design 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 increase 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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Figu re 23 INLET STRUCTURE DIMENSIONS

It)
o
N

i
z 8
0 N

i=
<t
>
W
...J
W

a::
w It)

I- ~<t
3:
0
<t
w
::I:

0
~

800

Point
a
b
c
d
e

FALL
3.5
8.0
8.0
10.0
9.0

900

Side-Tapered
B1 x L1 (Ft.l

12.0 x 8.0

1000
DISCHARGE, cfs

Slope-Tapered
B1 x L1(Ft.)

13.5 x 11.0
17.0 x 20.0
27.5 x 39.0
52.5 x 89.0
22.5 x 29.0

NATURAL W.S.

ErVATIONS

INLrT DESIGN
PTIONS

8' X 6' REINFORCED
CONCRE~E BOX CULVERT

1100 1200

Face dimensions and inlet length increase f r the
slope-tapered inlet as the capacity of the culve t is
increased by additional FALL on the throat. No dditional
head is created for the face by placing additionrl FALL
on the throat. On the other hand, use of a greafer FALL
at the throat of a culvert with a slope-tapered ~nlet does
not increase culvert length.

The steps followed in the tapered inlet designs are:

a) Compute Hf for side- and slope-tapered lnlets
for various FALLS at design Q and other discharges.
Side-Tapered Inlet: Hf = Ht - 1. 0' CAp roximate)
Slope-Tapered Inlet: Hf = HW El. - Str am bed El.
at Face.
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b) Determine dimensions of side- and slope-tapered
inlets for trial options.

c) For slope-tapered inlets with mitered face, check
f or 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, perf01~nce 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 develupment upstream
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 accordance with his
evaluation of site constraints, design parameters, 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 elevation. 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
esti.mate 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 condequences of
a flood occurrence in excess of the design flo01 estimate, and
other information such as historical high water and past flooding.
This documentation can be of inestimable value n 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 doclrmentation of the design deCis~~ons which were
made and the above basic information on which t ose decisions
were based should be placed in the files to sup ort all hydraulic
structure designs. The completeness of documeritation needed
to support designs will vary with the importancJ 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 determination.

Documentation should be kept in the departIlentlS
permanent records so that the performance of th designs
they represent can be used as a foundation for ,etter designs
in the future.

13-60



•

•

•

DIMENSIONAL LIMITATIONS

Side Tapered Inlets

1. 6:1 ~ Taper> 4:1

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

2. Wingwall flare angle from 150 to 26 0 with top edge
beveled or from 26 0 to 90 0 with or without bevels.

3. If FALL is used upstream of face. extend barrel invert
slope upstream from face a distance of D/2 before
sloping upward more steeply.

4. For pipe culverts, these additional requirements apply:

a. D < E < LID

b. Length of square to round transition> O.SD

c. FALL (Figure 16)

P > 3T

W = B + T or 4T, whichever is larger.
p f

Slope-Tapered Inlets

1. 6:1 ~ Taper> 4:1

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

2. 3:1 ~ Sf .::.2.1

If S > 3:1, use side-tapered design
f

3. Minimum L
3

= D.SB

4.' 1.SD > FALL> D/4- -

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

For FALL > 1.5D, estimate friction losses between
f ace and th roat.
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5. Wingwall flare angle from 15° to 26 0 with top edge
beveled or from 26° to 90° with or without bevels.

6. For pipe culvert t 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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SECTION VII

Design Charts
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TABLE 1 - EN'l'RANCE IffiS COEFFICIENTS

Outlet Control, Full or Partly Full

Entrance head loss He = ke V2
2g

Type of Structure and Design of Entrance

Pipe, Concrete

Prejecting from fill, docket end (groove-end) •
Projecting from fill, sq. cut end ••••
HeadW811 or headwall and wingwnlls

Socket end of pipe (groove-end)
Sq uare-edge • • • . • . • • . •
Rounded (radius = 1/120) ••.••

Mitered to conform to fill slope
*End-Section conforming to fill slope

Beveled edges, 33.10 or 45° bevels
Side-or Slope-tapered inlet . .

Pipe, or Pipe-Arch, eorrugated Metal

Coefficient k e

0.2
0.5

0.2
0.5
0.2
0.7
0.5
0.2
0.2

Projecting from fill (no headwall) .•.. . • • • 0.9
Headwall or headwall and wingwalls square-edge 0.5
Mitered to conform to fill slope, paved or unpaved

slope • . • • • . • • • . • . . . • 0.7
*End-Section conforming to fill slope 0.5o .

Beveled edges, 33.ro or 45 bevels 0.2
Side-or Slope-tapered inlet • . • . • 0.2

Box, Reinforced Concrete

Rea-e:wall paralleJ to ernoo.nk.men'v (no "Wingwa..Lb)
Square-edged on 3 edges . . . • . .
Rounded on 3 edges "to radl us of 1i12 b.:"1rr<:>l

dimension, or beveled edges on 3 sides
Wing-walls at 300 to 750 to barr-el

Squa.re-~dged at cro~n . • • . . ..
Crown edge rounited to radlus cf 1/12 barrel

d.imens i en, or beveled top ec.,:;e •
Wingy,·:l.ll at 100 to 2-)" to barrel

Square-edged at ~rG~1 •. ••

Wingwnlb !>!uallel (f-'xtet1s~()r of sides)
Square-~dl7.ed at c:"ow:,

0ide-or slope-tapered inlet • . • . . .

0.2

0.4

0.2

0.5

0.[
0.2

*Note: "End Section con+'or:r.irie to "'ll si.:>f>p.," made of either metal
or concrete, arp. tht;:> se'2t ions c()mmC'n~y avai lable from nanufactw·ers.
Prop'! limited hydraulic tests ':-tlP.)' are 'C("juJ\lal~nt in operation to
a headwall in both inl'?t and .~ut,leL cuntrul. Some end sections,
incor~oTating a. clo3e~ taper in t..he'r dpsi~n have '3. superior
hydraulic perfOrmy.ll'~e. I.[he:~p l.utter s,~cLi.onG ~an be deslgned
using the inforrnalion given for the hev~led inlet.
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• TABLE 2 - MANNING'S n FOR NATURAL STREAM CHANNELS (16)

(Surface width of flood stage less than 100 ft.)

1. Fairly regular section:

a. Some grass and weeds, little or no brush . . . . . 0.030--0.035

b. Dense growth of weeds, depth of flow

materially greater than weed height . . . . 0.035--0.05

c. Some weeds, light brush on banks .

d. Some weeds, heavy brush on banks • . . . . . .
0.035--0.05

0.05 --0.07

e. Some weeds, dense willows on banks . 0.06 --0.08

f. For trees within channel, with branches

submerged at high stage, increase all

Irregular sections, with pools, slight channel• 2.

above values by . . . . . 0.01 --0.02

meander; increase values given above about

3. Mountain streams. no vegetation in channel,

banks usually steep. trees and brush along

banks submerged at high stage:

. . . . . 0.01 --0.02

•

a. Bottom of gravel, cobbles, and few boulders

b. Bottom of cobbles. with large boulders •..
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TABLE 3

VALUES OF BD3/ 2

B X D BD3/ 2 B x D BD3/ 2 B x D BD3/ 2
--- ---
4 x 4 32.0 7 x 7 129.6 10 x 10 316.2
5 x 4 40.0 8 x 7 148.2 12 x 10 379.4
6 x 4 Lf8.0 9 x 7 166.7 14 x 10 442.7
7 x 4 56.0 10 x 7 185.2 16 x 10 505.9
8 x 4 64.0 12 x 7 222.2

14 x 7 259.3 12 x 12 498.8
5 x 5 55.9 14 x 12 582.0
6 x 5 67.1 8 x 8 181.0 16 x 12 665.1
7 x 5 78.3 9 x 8 203.7 18 x 12 748.3·
8 x 5 89.4 10 x 8 226.3
9 x 5 100.6 12 x 8 271.6 14 x 14 733.3

10 x 5 111.8 14 x 8 316.8 16 x 14 838.1
18 x 14 942.8

6 x 6 88.2 9 x 9 243.0
7 x 6 102.9 10 x 9 270.0
8 x 6 117.6 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 4

VALUES OF D3/ 2

D D3/ 2 D n3/ 2 D D3/ 2
-

4 8.0 8 22.6 12 41. 6
5 11. 2 9 27.0 13 46.9
6 14.7 10 31. 6 14 52.4
7 18.5 11 36.5 15 58.1

13-88



• TABLE 5

VALUES OF D5/2

D D5/ 2 D D5/ 2 D D5/ 2
-

1.0 La 5.0 55.9 9.0 243.0

1.5 2.8 5.5 70.9 9.5 278.2

2.0 5.7 6.0 88.2 10.0 316.2

2.5 9.9 6.5 107.7 10.5 357.3

3.0 15.6 7.0 129.6 11.0 401.3

3.5 22.9 7.5 154.0 11.5 448.5

4.0 32.0 8.0 181.0 12.0 498.8

4.5 43.0 8.5 210.6 12.5 552.4

• TABLE 6

1/2
VALUES OF E

E E1/ 2 E E1 / 2 E E1 / 2
- -

La 1.00 5.0 2.24 9.0 3.00

1.5 1.22 5.5 2.35 9.5 3.08

2.0 1.41 6.0 2.45 10.0 3.16

2.5 1.58 6.5 2.55 10.5 3.24

3.0 1.73 7.0 2.65 11.0 3.32

3.5 1. 87 7.5 2.74 11.5 3.39

4.0 2.00 8.0 2.83 12.0 3.46

4.5 2.12 8.5 2.92 12.5 3.54
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TABLE NO. 7

Area in Square Feet of Elliptical Sections

(Af = ~/4 BfE or Af = ~/4 E2 Bf )
E

Bf~l 24" 30" 36" 42 " 48" 54" 60" 66" 72 " 78" 84" I 90" 96 " 102" 108"

24 3.14 --- - -- - ----- ----- ----- ----- ----- ------ ------ -----

30' 3.93 4.91 - ----- ----- ----- --- - ----- ----- ----- ------ ------ -----

36 4.71 5.89 7.07 ----- ----- ----- ----- ----- ----- ----- ----- ----- ------ ------ -----

42 5.50 6.87 8.25 9.62 ----- ----- ----- ----- ----- ----- ----- ----- ------ ------ -----

48 6.28 7.85 9.42 11.00 12.56 ----- ----- - ----- ----- ----- ------ ------ -----

54 7.07 8.84 10.60 12.37 14.14 15.90 ----- ----- ----- ----- ----- ----- ------ ------ -----
60" 7.85 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" 9.42 11. 78 14.13 16.49 18.85 21.21 23.56 25.92 28.27 ----- ----- --_._- ------ ------ -----

78" 12.76 15.32 17.87 20.42 22.97 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 23.56 26.51 29.45 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 47.17 50.26 ------ -----

,102" '20.03 23.37 26. 70 30.04 33.38 36.72 40.05 43.39 46.73 50.07 53.41 56.75 -----
108" 21.2 24.74 28.27 31.81 35.34 38.88 43.40 45.95 4Q. 47 53.01 56.54 nO. 0 8 63.6
1.20" 27.49 31. 41. 35.34 39.26 43.20 47.12 51.05 54.97 58.91 62.82 6n. 76 70.6
132" 34.55 38.88 43.19 47.52 51. 83 56.16 60.46 64.80 69.10 73.43 77.74
144" I 37.69 42.41 47.12 51. 84 56.54 61. 26 65.96 70.69 75.38 80.11 84.8
156" 45.95 51.04 56.16 61. 25 66.37 71. 46 76.58 81. 67 86.79 91.8
168" 54.97 60.48 65.96 71. 4 7 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
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•

TABI.E NO. 8

Area of Flow Prism in
Partly Full Circular Conduit

Let Depth of Water =~ and Tabulated Value = Ca' Then Area = Ca02
Diameter of Conduit D

~
.00 .01 .02 .03 .04 .05 .aT·o? .08 .09D

I

.0 .0000 .0013 .0037 .0069 .0105 .0147 .0192 .0242 .0294 .0350

. 1 .0409 .0470 JJ534 .0600 .0668 .0739 .0811 .0885 . n961 .1039

.2 .1118 .1199 . 1281 .1365 .1449 .1535 .1623 .1711 .1800 .1890

.3 .1982 .2074 .2167 .2260 .2355 .2450 .2546 .2642 .2739 .2836

.4 .2934 .3032 .3130 .3229 .3328 I .3428 .3527 .3627 .3727 .3827

.5 .393 .403 .413 .423 .433 .443 .453 .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 .674 .681 .689 .697 .704 .712 .719 .725 .732 .738

.9 .745 .750 .756 .761 .756 .771 .775 .779 .782 .784

Ref; Table 7-4, "Handbook of Hydraulics," :<ing and Brater, :Jth Edition.
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BOX CULVERT EXAMPLE NO. 1

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

Slope of stream bed (So) = 0.05 ft./ft.

Allowable Headwater Elevation = 200

Elevation Outlet Invert = 172.5

Culvert Length (La) = 350 ft.

Downstream channel approximates an 8' wide
trapezoidal 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,~o 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 box with n = 0.012 •
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PROJECT: Ext:<.A'I,o/e. No.1 DESIGNER: JI'\N
OUTLET CONTROL

DESIGN CALCULATIONS
STATION: DATE: 12.-10-73

INITIAL DATA:

Q~= /000 cfs SKETCH
AHW EI. = ZOO ft.

So = 0.01>

Lo= 3~O_ft.
AHW EI. 200

'i2
EI. Outlet

Invert 172·!> It L-! -------- -- .-
Stream Data·

f"'A_';~~Co~;--.i~~-M3/I -.£. 50= O. 06 ..1:... I Q. /000 cfs. k. = O.!!> . L o= 3S-0 ft. EI. Outlet

H =AHW EI.-EI. Oullel Inverl- ho
Invert /7Z.S-

10<- 8'---->1 . 200 _17Z.~_~= 22·5'
Barrel Shope
and Matenal Rec.t. CCV7C. Box Barrel n = O·O/z ••• A z 40 fl. 2 or D· fl.; Try 7X6'

• (I) (2) (3) (4) (5)
Q Q ~ COMMENTS

Q N H NB de 2 On TW ho HWo Vo

T" 01 No_/_ , N= __/_. B= 7 • D=_b__ • k.= 0·S- ~d,.esSQuar~

~rll ~r+5 "D~ ,
/0"0 1000 ZI /4!> 7(. ".0 3·S 6.0 /99·S" 23·8 01< - C/05e k A.II'w u.

800 1300 /~.z 1/4 "b b·O 3.ZS- 6·0 1~/·7

1200 I ZOO 30 /72 ,.'" 1..0 3·8 b·O 208.5

Trial Nc._Z_. N= __I_, B=__f__ • D= ~ k = o. 'Z. Belldetl ~d?es.---
~OOO /000 /t'j /4'3 )'~ ~.O ~·S ~·o 197-5 23·8 Q~ - LO~t!"t!d //vVc, Z'

800 Boo /z 5~Af100 4S 4,.0 I,"·S r;y /-6 'X ~ ,

1200 12.00 27 ~. ell,.e
~·o ZOS:5

Trial No~, N- / B= ID D= ~ ke=~ &vt:/t!a' t!d~s,

ItJCXJ /000 2b /4. 7 7~ ~.O 3·S' ~.O 2M.S 27. 8 N" QOOd- VOt!s /70/ mt!t!r.

dt!~/9/7 C/"/Ier--a.

t:.xcet!ds /l//W E/.

Notes and Equations: SELECTED DESIGN
(I) de cannot exceed D

(2) TW based on dn in natural channel. N= 1 At Design Q:
IX other downstream control.

B= 7 ft.
(3) he = de· D Of TW. whichever is larQer.

D= '" 11. HWo= 197. S- ft.2

(4)HWo= H+ho+EI.Oullet Invert. k.= O.Z Vo= 23.B fA;

(5) Outlet Velocity (VarQ/Area defined by de
or TW. nol greater than D. Do not compute ~ 29n

2
. Lj v2

unlil control section is known. • H = I' ke + RI.33 29
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PROJECT: £}C.Q""p/e AID· I DESIGNER: JI"\N
CULVERT INLET CONTROL SECTION

DESIGN CALCULA nONS
DATE: 12-10-73STArlON:

INITIAL DATA:
Q~O_= /4"''' cfs

AHW EI. '" 2()0 ft. 200
jWoEI. zooSo = (). OS AHW EI.

-\~~ALL
La= 3S"O_ft

~EI Stream t ~Bed at Face 190 It

\j¥--~--. FALLL 50---. ~
Borre I Shope

Inlet--1" L S ____and Mateflal-L~60rreln.~
~ ---

.Q. \. S_ - Structure EI. Throat Invert
N=_I__ • B= "7

2 EI. Fac~ Invert
TAPERED INLET

D= _b__ . NBD3IZ =~(T~&l1- ~)
CONVEN110NAL or BEVELED THROAT CONTROL SECTION

(Pipe) ND~ •
INLET' FACE CONTROL SECTION (Lower Headir.gs)

f---..
(Upper Headings)

DEFINITIONS OF INLET CONTROL SECTION

. (I) (21 (3) (4) (5) I Note: Use Upper Headings lor

I " Ht EI EI COIIentlonal (Y Beveled Face;I ~-Nb D Ht Face Stream
HWf Lower Headings lor Tapered

Invert Bed I Inlet Throat.
1---_._-

At
EI

Face

~
Q /, Ht IThroat COMMENTS

Q
NBC}zl

Ht Invert FALL HWt S
0

-.L-
Tria: "<A .-L._ Inlet and Edge Description _~{,II~/~<t..=.",:~L.:rrl./.et.__________

~'-~f~· I -,----.
/000 H' '."'_ ".4 ~".r',z·1 /5'1 zoo r-Au.. -Cot> u,--ge~ ra~cI

:'-(l./.J""I, V~;,.~- :j~'-k~- ~ Ink! - VO nor (/~~ 6~tK/-

d<. e C0I"~AU ~ "'-'-.......J '~ "'-~
~dQ~<:/ N?k r

TfiaINo.~ Inlet and Edge Descr;ptlOn flpert!-d /A It:r -,t-h,...oa.-f

~ ......t .4

;~:tt~M:~1~~3
HD5 3

"!"'2.00 '·7Z 2.~~ 2_4. Z t!:Jk - CAlC. ~r/ l'.vo't!'$-- ._-- _._-_._--

Boo 7- 79" ~0S' - ~/'Q~ p!e6-Q~r~~,4 ~~..-"'---
(F4U= '.;3 ~ ~. ., >7.Z:>

/Zoc> //. Co<!3 ~·4 20- .i..L__~~' ZtJ4·,5 '" ~,.... "".n,.",.£... nlAJlW: 200

TrlOl No _~_ Inlet and Edge DesCflPtlon-Lq(lt!-r~d~1,#1'041; F.4'-~_~ T Z~___

I ~-~ ! ~:~ z~l ~3.:.2. £!:.£.~/~I /lNW:Z(J(LfLC>Qcet---- -- tIS'. ~ rB,?a /90 _~,-Z_Z !..98.1
" I' I

~'~._.-800 . ; /?:5___-l.c-; '~J.,"_:::.'~- -',> 1")5'./. f-._/~t._~----.£:C5 .

~D-O I - , I" I "'-J'
ZO~. z. ~J-.1.?~_1_J. "'',J . '~'- -

Nules and EqtJOt,ons' .. SELECTE 0 DESIGN
(I) EI Face (or throal) Invert ~ AHW EI . Ht (or H,) _.
(2) FALL=EI. Stream Bed at Face-EI lace(orthroal) inv~rl Inlet DeSCription:

(3.) HWI (or HWtJ ~ HI (or Ht ) ... EI laC'?: (or throat) FALL=~lt

invert, where [I face (0r throat) Invert EI =/l!2.B It.

Invert should nol exceed EI. stream bea Bevels'

(4) S""" So" FALL/La Anqle· ___

{51 Outlet VelOCity =Q/Areo del,"ed bf dn at S b= ____ in_. d=___ in
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PROJECT: E-.,.cvnp/e No. /
SIDE-TAPERED INLET
DESIGN CALCULATIONS

DESlGHER;----loJ~M~N~ _

STATION: DATE: IZ-\O-73

N:-1-. B=_7__ f l.. D=--~__ fl.

Toper

SKETCH

:,c,;; ,"""., ~~ i'
~ 'I_-p'- ~~_

....L,So__ :J
U2J

Cres,-

Sty B I'"
1..LL_l...----

Taper ~

So= D·OS
La: 1$50 fI.

Face Edge
Description ~5° 8~o(e/s

INITIAL DATA

O~z~cfs

AHW E1.:~fl.

TAPER =_4__ : I

Borrel Shape n
and Material ~JZ=C:::c:>=-+;_~/7~"---,O~.~O~/~Z.~

o

EI.
Throat
Inverf

(I)

l:!!..
D

(2)
Min.

Bt

Bf

(3) (4)

S

(5)

EI.
Face
Invert

Upper Headings for Box
Culverts. Lower Headings for
Pipes

COMMENTS

rrlol No._I_, 0 = /000 , HWf = Zoo ( .-vi .-.. , d)"'A __ Q JrJu/7. TCC'icJ" ~ r~LL : ". ,J

c:h.o.rf /5

/000 /,fH·1 2.18 ~.~

/000............ ~.4t. ".$"O
/100 ............ %.77 7·/4

,...el~ ..

/'1·7 /eJ·3 /C)·5 7-0 eJ.0330·2 /8"'·"3

14·~ /98.8
;(".6 ZO().9

Trial No ~_, 0= /000 HW,· /98.7 (;:-~LL r 7. Z T )

Trial No .?_,O= /06~ ,Hwt= ZoO

/0.2 18z.8 2·70 7.eJS /4·7 /0.3 /0·5 7.0 O.OZ9 o·z. /83.0

----

HWe : /98·7 ft

He: 77ft.

Q/W. S? (Chart 17l

Min. W:....!.1- ft.

Bevels: Angle

d :_3_ ln., b: 5. OS in.

Crest Check:

SELECTED DESIGN

Sf: /0. S" ft.

L,: 70 fl.

4> a

(4) From throat desiQn

(5)EI.Face lnvert-EI.Throat InYert> 1ft., recompute
Face and Throat may be lowered fo beffer fit Site, but do not raise.

!'!Ptes and~'!.2:!!.ons:

(I) H,/ o[or HI/E] ~ (HWf - El. Throat Invert- I )/ D[or EJ

D,;E,; 11 D

(2) Min B,=ofD~) SfQD3~

Min.A,= 0t''z)A~EI~

(3)L,t';NjTAPER
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• PROJECr rJ'~/c do. /

STATION:

INITIAL OATA·

Q fro =/t>t>tJ c15 So' o. t>S

AHW EL. ZOO It. Lo ' 3$"0 ft.

EI, Stream

bed at c;est~ ft.

EI. stream

bed at face /90 fl.

TAPER =~: I (4;! to 6: I)

Sf=~'1 (2'I to 3·1)

Borre I Shope

and Material ,Re8.. /7: O. O/Z

Inlel Edge

Descri pt i on _-,-"!.:::S_·---,13=.:t!:..:~.=:..:s~_

N'_"_,B,_7__fl, D'_~__It.

SLOPE - T~PERED INLET
OESIGN CALCULATIONS

t S--
BENO..-/
SECTION

- £i:t'f~~ I~~~~~
VERTICAL

DESIGNER: ---'J"'-'M'--!....!N--=-- _

OATE: \ -z. - 10 - ? 3

W£IR CREST

r~FPf'r~'~'
J '~J

MITERED

/t:JoO ?OO-_ .

•
a

EI.
Throat

fffli Invert

( I)

EI.
Foee

Inver'

(2)

HI 5
Comments

Hate: Use only throot designs w;th FALL> 0.25 D

(U EI. face Invert: Vertical- Approx. stream bed eleoalioo
Mitered, EI. Cresl-y, where Y' 04D (Approx.), but highet'
thoo throat Invert elevation

(2 ) HI =HW, .. EI foee Invert

(3) Min Bt =a/«O'~) Q/Stcr/Z )

13- 101

GEOMETRY

61 =._ft. L3=-- ft.

L,. _ft L4-_fl.

~-_ft d =__ in.

6'__ ln

TAPER= .: I

(12 )

Mox.
Crest

EI.

Q
W

(l2.)Mox Crest EI. - HWr - He

~IC.)L,= ~+ L3+ L4

(IUlwljtere<! W=NB"2~E~

(8) (9) (0) (11)

Ad) Ad)
L3 TAPER L, W

(61(5)(4)

Min
L3

3 S - 11-8 /CJ·S - -1-4: I /S'- 3

'~.~.' h -~~.~,; -/~1-G~-r /&.0
--'----..L:..=:..:...::..-'----.......J....--.l..........---;::t--=;----l---------t

(4.) Min L,'O.5NB (9) If (6);-(7) AdJTAPER -(Lr L3)/~2N~
(5.) L..t~Sfy+ DISt

(6)l.,z-{EI Foce(erest) Inverr-EI.
Throat Inve;·t) ~- L;:

(7l Check L 2= ~;e] TAPER-L3

I.J~61- NB
(8) If (7)'>(6) , Adj. L3 2 TAPER- LZ•



PROJECr: £xa.mP/~ /10. I
SLOPE-T4PERED INLET DESIGNER: JMN

STATION: OESIG~ CALCUL4T10NS DATE: IZ-\0-73

INITIAL DATA:..

11 Q:jf D

a~ = IItU,Ocfs So . o.os j Ht SECTI J~AHW EL.?OO It. Lo ' ~f1. Sa- '1' 51 ~11~(/
EI. Stream FALL ! FALL Sf 0

bed at crest~ fI. f 1-./ s.- • ,~ S-.BEND BEt«)
SECTION SECTION

EI. stream

r-~I~bed at tace~ fI. WEIR CREST
~ TOP EDGE Of FACE

TAPER =L: I (4; I 10 6: I) if 'f,Rr---1 ~
TAPER

Sf=~:1(2:1 to 3·1) \

\ I 1
Barrel Shope J ~

t£~
and Material R.cB : rJ: a.o/?

~LI-JInlet Edge ---1...3
Description 4So /~..r~/s SYMMETRICAL FLARE

ANGLES FROM IS· TO 90"
N'____/ ___ ,B.___7'_____ft,D' ___CO_____ fl YERTICAL MITERED

(I.) (2) (3.1
EI. EI. Min.

Ttroat Face fir Q
OYZ Bt Comments

a HWf Invert Invert Hf 0 Bf5YZ Bt S

~,III. ,..~~ ..
Bt 0312 =___

~~£ Zoo /8Z-8 /90 /0 I. '-, ~I /4·7 I'I.Z /S".o kU:lZ9--

~~ ~ 1"--,,,,,,~~
--

-
V~,.IJC41 ...GC'~0 -' lAo""/ dO· '3

.~~ ~~~~
,

~

IOOD Zoo 1134. I 188.C. //·4 I. '10 5'."S- /41 /2·13 /2.0 /1."33
Bt 03!z ~

N

~'~ ~~"~~-
!f,/Necl ""iu DOo-n'·.IM. 10

~

~~ ~~~~
Note: Use only throat desII;,ns with FALL >0.250

(I.! E1.face Invert:Yertical-Approl.•tream bed elowtioo
Mlte;ed =El.Crest -y, where y' 0 40 (Approx). but higher
than ttroat invert elevalion.

(2) Hf 'HWr-EI face invert

(3) Min Bt=Q/«~) Q/8to3/Z )

(4) (5) (6) (7) (8) (9.) (10) (II) (12) GEOMETRY

Min. Check Adj Adj .9. Max.
Bj=_f1. L3=----ft.

L3 L4 LZ Lz L3 TAPER LI W W He Crest LI~_ft. L4"_fI.
EI.

~"_ft d"____ in.

~:5" - /4." /2.,S - "1-.5 :/ /7' &" __ In.

"It..,f' 11 TAPER= __:I

3.5' 7·8 CO.D co·s 4·a - 17-8 /5. 9 ~3." 8.0 /'JZ.O

(4) Min. L3=O.5NB (9) If (6)>(7) AdjTAPER "(Lz+ L3l/~2N~
(5'> 4:Sfy+ D/Sf

(Io.)LI' ~+ 4+ L4
(6.) ~"(E1. Face (Crest) Invert-EI.

(IL)Mitered' W= NB+2~E~Throa~m:erJ St- L4
('7:) Check ll.' B(NB TAPER-l3

(12.lMQIl.Crm EI • H~' He

~(8.) If (7»(6), Adj. L3 2 TAPER-LZ
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PROJECT: £xam,pl~ No. /
SLOPE- TAPERED INLET DESIGNER: JMH

STATION: DESIGN CALCULATIONS DATE: 12-/0-13

INITIAL DATA: "-

j.t~
~~

Q S-" =I()()a cfs So •~ 1 Ht SECTI He Ht SECTION

AHW EL. ZOo ft. Lo ' 3:5'0 ft. So- '1' ~ ~,_S2Ht~l /

EI. Stream FALL ~ FALL It; 51 f
bed at crest~ f I. t S-BENO----"'" , )---..J S.....BEt«>

SECTION SECnON
EI. stream

r-~1 h-3bed of face /9° ft. WEIR CREST

~,oo''''~'TAPER =.s..-: I (4: I to 6: I) l I TAFER~
~ TAPER

Sf=~:1 (2:1 to 3:1) \ '\ ! ~.
j I-:-J

+
Barrel Shope

4:J~,
and Material RC8 j /7 <: t:J. t:J/Z

~~IInlet Edge

Description "1So i3~'1~/'> L--SYMMETRICAL FLARE l.l--
ANGLES FR:lM IS' TO 90"

N=_/_.B.---'z-tt, D=_~__fl. VERTICAL MITERED

( J.) (2) (3.1
EI. EI. Min.

Ttl-oat Face Ht Q
0:Y2 Bt Comments

Q HWf Invert Invert Hf 0 Sf 0:Y2 Bt S

,hA,f II. .,.../~ ..,
Sf 0312 =/oao /9<5·7 /B?·8 /B8.~ /0./ /.~8 ~/S- H'T /3·5 /.,.0 (J.OZ'J

- ~~ ~~~~~Itlu~d ~('~ Or:!MI ~. z'0
.: ~~ I~~~~

IOioZ Zoo /,5'2. B /8B. " 1/·4 /·90 ~"S /'1.7 IZ·8 /3·0 0·02') Bt 0312 =

N

~~ I~~~"~" f1,lered +a..ce IXJI/J'; /kJ. 3
~

~~ .~~I~I~
Note: Use only ·throat desillns with FALL >0.25D

( I.) EI. face Invert: Vertical' Appro•. ,tnllllTl bed elewtiOll
Mitered =E1.Crest-y. where y' 0.40 (Approx.). but higtler
than throat invert elevation.

(2 ) Hf =HW, - EI. face invert

(3.) Min. Bt =Q/({~) Q/Bt03/2 )

(4.) (5) (6) (7.) (8) (9.) (10) (II) (12) GEOMETRy

Min. Check Adj Adj Q Max.
St=_fl. L3=_f1·

L3 L" Lz L.z L3 TAPER LI W Vi He Crest LI~_ft. L"._fl.
EI.

cJM,f IT ~·_ft d=__in.

3.S' 7·9 8.~ /O·S 5:4 - 21.8 17. ? S5. ~ 74 /91·3 fJ· __ In.

TAPER=__: I
3.;5 7·8 8.'- 8·S - 4.03: I /9.9 /~.8 ".3.3 7.9 1'2./
(4.) Min. L3=O.5N8 (9) If (6)>(7) AdjTAPER '(Lr L3)/~2N~
(5.) 4"'Sty+ O/Sf

{I0.)LI& ~+ 4+ L4
(6.) ~ ·{EI. Face (Crest) Invert-EI.

ThrOQ~ln:erJ51- L4 {IL)Mitered: W= NB+2~E~
(7.) Check Lz.' B(NB TAPER-L3

U2JMOll.Crest EI. &HWr - He

~(8.) If (7»(6). Adj. L3 2 TAPER-L2
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ITIONAL FALL.

INLE.T Olt-1ENSIONS

Typ E. DE.SIGW POI~1 ~ L.
SIOE-TA PE.~ED I 10.5'" 7.0*

"I '2. 10, S- 7.0*
11 3 10.5"' 7.0~

S......-IAPOI<£. wi I
VE.,I.:rU::.A L. F'AcE I /4.0 15.3

'2 III I
z I~.o 16.0ID

i;; iI I 3 /5.0 17.9
~
~ i

SLoPE··TAPER£O wi I
_ M I'CR.£P FAcE I 12..0 /1.8

I 2- /4.0 21. 8

3 i3.o ".9

AH
2oo~----+----:......:...:...:..-..-+-.-.,;;:;;...:.....:....-_+~-~_r__~

I 'f0~---~f___--------4----__i----~-

l.os+------+-------+-------+-------+---

15~~--+---1I----

I I

~\J) 19
w ft.•-'
0
~

800 /000 /2. 00

Q I c.t='S
}

DESIGN PERFORMANCE.

/4- 00

I I
CURVES-I-7~~ (2.C8
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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 El. = 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 expensive.

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 of several alternate inlet structure
designs are presented, based on points 1, 2, and
3 on the culvert 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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PIPE CULVERT EXAMPLE NO. 2a

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

Slope of stream bed (So) = 0.05 ft./ft.

Allowable Headwater Elevation = 200

Elevatioil Outlet Invert. 172.5

Culvert Length (La) = 350 ft.

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

Requirements: 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 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:CXAfnP!e. No. 2.q,.
OUTLET CONTROL

DESIGN CALCULATIONS

DESIGNER: ~A,-"II:..::L=--_. _

SKETCH

COMMENTS

(5)

ft. 2 or O· 7' fl.; Try

HWo

(4)

H' AHW EI.-EL Outlet Inverl- ho
• ZOO -!7Z.S _~=

(3)

••• A:&

AHWE~~~

f---------~:~,--t-=== -~ TW
Firsl Appro~imolion u, I
O:~cfs.k. =~.Lo=~fl~E1(MI.t

Invert [7Z.S'

(2)

TWOn

Barrel n = •OIZ

Slreom Data·

f:'urre: Shope
(2. C. P,peand Moleflo I _

!

I
•

I
(I)

, Q Q
Q

I N H NjiY dei
! I

~....::S~T.::.A.:..T~IO~N~:-======== r- D~A~T~E:..::=I=-I.='/=-=7=1-===:-.._~

INITIAL DATA:--_._----
O~: /000 cfs

AHW EI. = ZOO fl.

So= .0S

Lo= 36"0_fl.

EI Oullel

In.!:r 1 (T/!· 6" "

~~9~LD.DO !~~;:j'lwoo1~;~T;-~ --)7/ 10 "".5 _.!!£.>(.-,-ce-'-I!:,-~.=-_A-j./.._W-£_I_' . _._

.- -~ .J-... -._. -~. ·1-··- - j -- --_.- _.... --.-------.-
.._ ...i.. _ ~__ _ ~

-_... -- - .._-----_. --_._-

Tr;(11 No .-z_._. N=_I__ • B=__·_·_. 0=_2._. k.=~

\ODD '\OQol~~~c 7 i 7.0 _

I ! I j I
80e ~800 I't.~ t~()D 1.7 -t-'~.~.. l-

I too I Izoo ? B . '5 I j t DO .LL~.'___ _L.._'_3_=8:......l._7:..:..O~_..J:Z::...l)_=8c· __O-'--_ _L.. • • --;

TrroINo ....•_.rJ= . .8=... __•... _, C=._. , ke=----

~~-U-l -I TTT,-]-......,.l---~-·.=.,-- ..-----,--....-.--,.~:..-..------~.. -.-~--==~--.--.-=- ~-_==_
I-_---'-I__l_--'-I__.-l-_J _ .---L.---+--.L.------.------i

SELECTED DESIGN
r-----.- ...----..------------.-

.l!.Q!~.Q!:l9 ~.Ql,L-TI!.Qr..s_..•.
II) de conool p,ceed D

~2) rw based on dn In noturol r.hannel.
or othpr rlownstr~am t~)(ltlol

(3) h.,= .~~IJ. r)< TW. whichever is lorQp.r.
2

(4) HWa '- H + hn • E.I Outlel In"erl

N= I

B=--=-_ft.

0=_2-. It

ke= ·_2__

At Design Q :

HWo =J.2.2:..L_ tt

Vo=. __~__ fA;

(5) O"tl.t 'Jeloclly (Vo)=Q/Areo d·~f,ned Oy de
,.".. TW, nc, qreoter than G Of) nof compute
~nlil control section IS known

f----....-.-------------.-

•
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INITIAL DATA:
Q~: IQOO cfs

AHW EI. ~ Zoo ft. Z
So: . oS AHW EL 00

La: 35~ft \ \l ~~
EISlream 17
Bed al Face~fl I:ltPSALL

Barrel Shape ~--.j - - _ ~So~----- '\.
and Malerlal ~£8arreln• ...:.Q.LL1 ~\ - - =:-:-_

Q/ S_--o-::::",:~-

N=_'__.• B=-=__ 2 EI. Face Invert

• STATION:

D ~ _ L_ ,NBD3/2 : -=-
(Plpe)NDo/,. 129.(.. (-t.a.bl" 5)

CULVERT INLET CONTROL SECTION

DESIGN CAl.CULA TIONS

CONVENTIONAL or BEVELED
INLET' FACE CONTROL SECTION

(Upper Headings)

DE SIGNER : --,A~1.a.:.J.lL=--__

DATE: /- /1-71

TAPERED INLET
THROAT CONTROL SECTION

(Lower Headii,gs)

DEFINITIONS OF INLET CONTROL SECTION

COMMENTS

Nole: Use Upper Headings for
Covenl'onal Of Beveled Face;
Lower Headings for Tapered
inlet Throal

(5)

S

(4)

:r~--,---,t\.--",\e.=.lT .._. _

(31

HW,

HW,

(2)

FALL

Be-·:e.\ed

EI.
Streom
Bed
At
Face

i

EI
Throal
Invert

HI

D

Q/- :}
NBD'2

(I)

Q..!:!. EI.
NB D Hf Face

Invert
-- - ~------ -------I-----l

Trial No. _1__ Inlel and Edge Description

Q

'~l-,o.d"3

,000 'OOj4?-_' Z.~.4 170 Ie I~D 1~,'1 zOO

"-..,.'----..I~~~

----- ~-- ~~,,~~

Trial No._Z_ Inlel and Edge DeSCription Ta.pe(~cl --r\,-coc...+- .. ~n"oo-th _

•

•

Nute 5 and Eq\lOtions
(I) EI Face (or throat) Invert: AHW EI - Hf (or H,)

(21 FALL: EI Stream Bed al Face-EI. face (o<lhraal) inverl

(3.) HWf (or '<W, J: Hf (or H,) + EI face (or throat)

invert, where EI face (or Ihroat)
"wen should not exceed EI. stream bed.

(4) S = So - FALL/L o

(5) Outlel Velocl1y ~Q/A ..ea defined by dn at S
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SELECTE D DESIGN
~-------_._---_.

Inlet Descnptlo~

FALL= __~ft
Inverl EI :.!..8SL.L fl.

Bevel:;
N/AAngle = _

b: __----:_In , d: ____=__ in.



SIDE-TAPERED INLET
DESIGN CALCULATIONS

STATION:

DESIGNER; __lA:...L~n..=IJ,L'-- _

DATE: J ~//- 71

So=~
La=~ft

15° 8&d:...;:S'-- _
Face Edlle
Description

INITIAL DATA

r;..§:C2.......-= _LQQ~ cfs
AHW EI = 2~fl.

TAI·ER = __±--: I
Berrel Shope
and Moteriol-----.1!:.~P....IPfO.-~__.__

Q

(3) (4)

S

(5)

EI
Foee
Invert

Upper Heodinlls for Sox
Culverts, Lower Headings for
Pipes

CCMMENTS

Trial No __., Q= . HWt- _

I

- k-
1"-·,

~-~_.
---''-----'-------'''--~----''''-------'''I_-~----'''---~----_._---~

Trial No 0 .

-----

J:icie:. Cl!'.~ ~.guotIO,,£

'.1) Hj : O(or HI/E] ~ IHWt - EI Throat Invert- 1)/ D[C" EJ

0,;E,;1I0

. ?J Min. St· 0A(0~)_0_ J.r 8f 0 3-'2

(4) From throat deslQn

(5: EI Face Invert - E '-Throat InVl!r1 ,. 1ft, recompute.

Foce und Throat may be lowered to belter fit site, bur do no! raise

SELECTED DESIGN

8f= /0 ft.

LI= " ft.

Bevels: Anllle_~o

d =--=......in .• b=_S'_in.

Crest Check·

HWc = 200 ft.

He = /0 ft.

O/W. 80 (Chart 17)

Min. W= /Z.~ 11.
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PROJECr: F ~.C"J?f?/e No. Zg,
SLOPE- TlPERED INLET DESIGNER: /l1t'-

STATION: DESIGN CALCULlTIONS DATE: /-//~'71

INITIAL DATA
<::

tt~ '~
. Q~ = IOO()cfs So •~ I Ht SECTI H H! SECTION

AHW El. ZDO ft. lo • .:5S"6 It. So- '1' ~ - __4.050 \l,l
EI. Stream FALL ~ FALL Sf
bed at crest~ ft. t !£ND.----/ S -- • B[M)-----J -.2 ....

SECTION sa:nON
EI. stream

r-41~bed at face~ It. W£IR CREST

l(f'~~~TAPER =~: I (4:1 to 6: I) l Ijr---l vr TAflER

SI=.-L:I (2:1 to 3:1) ~\ ! r
Barrel Shope ~ I~~

4;J~,
·and Material gc.. PiPe

~LI-JInlet Edge

Description 45 0

Be-{~h "---SYMMETRICAL FLARE 1...1-
ANGLES moM 15°T09O'

N"_l__ , 8"_-__It, 0"_7__ 11. ("VERTICAL") MITERED

~""'-+-\., Cot\c... c..~e. :r",\~\-
( I.) (2) (3.1

EI. EI. Min.
n..-aat Face HI Q

D3IZ Bt Comments
Q HWf Invert Invert HI 0 Bt p3Iz Bt S

<:.\.Art '''' t<>lJ. " Bt rr12 =IOoC> ZOO 18°·' 1~ C> 10 1.43 4.4 /8.S It. "3 I~ .O"lZ

- ~~ ~~~~-
0

t= ~~ ~~~~
Bt D3-'l =

N

~~ ~~~G-
0

~

~~ ~G ~G
Nato: Use only throat designs with FALL >0.250

(I.l EI. faco invort: Vortical-Approx. stream bed elewtion
Mitered =EI. Crest -Yo where y' 0.40 (Apprax.), but higher
than throat invert elevation.

(2 ) Hf = HWf - EI. face invert

(3) Min Bt=Q/(~) Q/Bjrr/Z )

(4) (5) (6) (7) (8) (9) (10) (II) (12.) GEOMETRY

Min. Chec k Adj Adj Q Max.
EIt =G&ft. L3=3.,S' ft.

L3 L4 Lz Lz L3 TAPER L, W Vi ~ Crest LI ~Z3.3ft. L4·-=--ft.
EI.

Le- !1&.tt. d· 3 •S in.

3·$" - ,.,.8 8.~ - 7.8 Z:S·3 b- 6.! In
TAPER=L1L: I

(4) Min. L3=0.5NB (9) If (6)>{7) Adj.TAPER -(Lr L3)/~2N~
(5.) 4"Sty+ P/Sf

(I0.lL1" 4+ ~+ L4(6.) 4-(EI. Face (Crest) Invert-EI.

Throa~ln:erJ51- L4 ilL) Mitered: W=NB +2 !frpE~
(1) Check L = erNB TAPER -L3

(12,) Max.Crest· £1." HWr - He

t-NBJ(8,) If (7»(6) • Adj. l3 2 TAPER- LZ

13-111



'De.5\G.N ?E£Fl>£1\\AN'c:.E' C."NE.s 1-7~ .e.c.. PlpE<
f'}

~

~~x. CJ

~~..~Vo 'Q.fJ.

;/
//

A'rl.'vJ E\.

~
("

1~
tt() ~

~~t ~'J•
I ~~""\,

~V "
~v- ~ f\ 't"v~ ..':!:!!~ &u,<,~ e:;.\..-- ------

- ~-- -
/

~

~
\!l
"
~
p

u

''10

N

......
W
I............

000 I~()O /ZOO



•
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.

Examination of the culvert performance curves shows
additional FALL would achieve very little for this
barrel; therefore, no optimization was performed and
the FALL was set at 9.9 ft .•
Selection of a side-or slope-tapered inlet
depend on economics and site requirements.
a side-tapered inlet for a FALL of 9.9 ft.
require a rather large structure upstream
culvert entrance .

would
To sump

would
of the
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PIPE CULVERT EXAMPLE NO. 2b

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

Slope of stream bed (So) = 0.05 ft./ft.

Allowable Headwater Elevation = 200

Elevation Outlet Invert =172.5

Culvert Length (La.) = 350 ft.

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

Requirements: 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 elevat!.~u at infrequent
times. Thus, the culvert shou.ld have the
smallest possible barrel to pass design Q
without exceeding AHW El. Use a corrugated
metal pipe with n = 0.024 •
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PROJECT: t:~~plc 26 DESIGNER:. IlIlL
OUTLET CONTROL

DESIGN CALCULATIONS
STATION: DATE: /-/5-71

INITIAL DATA'

Q-~= Id~O cfs SKETCH
AHW EI = 200 fl.

So = .0S

Lo=~~_ft.
AHW EI..~

Q

EI. Oullet

~~---------h
Invert~£. It

Stream Dolo:

~ --- ,
~'.O3 /I

_ .---__ -!--.... TW

First Approximation - La --- -1-
Q=~cfs.ke=~.Lo=:;<0 -;-. EI.OJllelI.?-_ 50= . 0 S"

H' AHW EI.-EI. Outlet Invert- ho
InvertmL

k--8----i

Borre I Shope
. ZOO -l1t.$" -_1_ = z,c.5

and Motenol CO(f. Mdo.,t ?~ Borr'e! n' .QZ1 ... A= fl. 2 or D. 100" ft.; Try 8'

• (I) (2) (3) (4) (5)
Q Q ~

I
COMMENTS

Q N H NB de 2 On TW ho HWo Vo

Tn 01 No.---L- , N' \ B= - D'~. ke=d~---,

I r~'"
("'ott (, HDS :a

1QOC?_tl~OO .Z~ . - 7. 73 7·87 -- 3·5 ,.87 Z03.t £)(~S AflW EI.

1---- -- f .-- ---r-=!---_ .._- f-_.

J_
Tnol No._~. N= __Z_. B= - D=~_. ke=.. ZS

I

~~- 6"/)O J...t.:.L ~" (..0 '0.5 ".0 ZOI cICued5 AJlIN GI.
- -- -- --f-' -------

I

f--- .. -- --f-----f---- _.- -- f--- f---.__..-

--

Trial .'0....3...__ .N=_~_. B=__- __ • D=~~. ke=.dL

clr~~_o l~Qo I)§.S' 'H·S ~.S' 3.5 ' ..5 j'H.! O/t:. - c.J:, e..
I

f-BOO I~~!:l _J.<2.._f--- ~"·S ~--,-,i_-- 3.1.5 " .S' 18~ . '----- ----- --... _...=-

~'Zoo "00 Z2 },.~ ". s' 3·8 (".5 201

_Notes and _~~iQ'lL..- SELECTED DESIGN
(\) de cannot exceed D --_._-
(2) TW based on dn in natural channel. N=-.-L_ AI Design Q :

or other downstream conlrol.
8=--=-__ fl.

(3) he =2.,::9. or TW, whichever is larQer.
~.:r HWo =.il.1..:.L fl.2 0= ft.

(4) HWo: Ii· ho' EI. Outlet Invert. ke= .25' Vo= ___ fJt

--
(5) OUllet VelOCity l Voi=Q/Areo r;~flned by de

or TW. nO! greater than D Do 110t COtnput e ~ 29n
2

. L~ V
2

until control section ,s know" • H= ;'1<,,' RL:n 29
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PROJECT: Exam ole. ND.?I.. DESIGNER: NJoIL
CULVERT INLET CONTROL SECTION

STATION:
DESIGN CALCULATIONS

DATE: 1-15'~7+

INITIAL DATA:
Q~= /000 cfs

AHW EI." zoo ft. AHW El ~oO 7:EI. ZooSo= .Os

~
La=~ft.

~EI. Slream t ~Bed at Face l2E.- fl.

FALLt_ 50___ ~
Bar'el Shape

Borreln'~N - --~-- Inlet---t L S_and Material c..P\ p
I \ --.Q. S_ - Structure EI. Throat Invert

N = --'----. B = - 2 EI. Face Invert
TAPERED INLET

D= '-.5 NBD3/2 =___ . CONVEN1l0NAL or BEVELED THROAT CONTROL SECTION
--, (10"'& 5)

INLET: FACE CONTROL SECTION (Lower Headings)
(Pipe)ND~' 2./5 .... (Upper Headings)

DEFINITIONS OF INLET CONTROL SECTION

(I) (2) (3) (4) (5) Note: Use Upper Heodings for
Q HI EI. EI. Coventional or Beveled Foce;

NB D Hf Face Stream
HWf Lower Headings for Tapered

Invert Bed Inlet Throat.
At --

EL
F~ce

~}2
Ht Throat COMMENTS

Q D HI Invert FALL HW, S Va

Trial No~ Inlet and Edge Description JQ~c.led :Inl..!: - 1S"D

(l,art I~

-h" a... -&.,;e.reJ /fI1~1- +l.1IJO-+lOO&) 6DO I.q IZ.'f /87. t. /90 2.4 Zoo

~~~ ~
~~~ ~

Trial NO._Z_ Inlet and Edge Description lc:..pef"eO Itlle.+ -+t..1"oc....\- - 1'0"''3'" - FAL.1. .. 0,7'

"""..t-/8
\000 -~",,!> \."5 LO.7 189.3 190 0.7 ZOtJ .648 ~)I"tl ~"'~-\-Q.De1"ed Jr\ l--+.
~'--

~
~~

~
800 3·7 1.3~_ _~L /'78.Z ----- ~U1V_:.~___~o~r-\.Jfl\~ ~

II '2-0D S.t. \.91 12.8 ~~ 201· ( Incr~~~ Q. CI.~ A~W ~ lOO

Trial No._L Inlet and Edge DeSCription ·Io.~e\'~ IY\k+ ~te:>o.:t -rou,~ - EfI'-'- ::: Z.5"

<.....n- 18
{)k.~ (Aa.-.C1Ju ,.,+ AUW" Z/JO\000 4.,,3 \ •Ie£> ~O·7 187.s' ICJO Z·~ 1'18. 1 .O..!

goo ~-J..:.~~ 8.' ~""~~ /9'- .'i~ J~ 1110 ~.

~~~ ~
--

112.00 S.k> 1.~7 1'1·8 20D·3

Notes and EQ'\Jatlons SELECTE D DESIGN
(I) EI Face (or Ihroatl,nvert "AHW EI - Hf (or H,)

(2) FALL= EI. Stream Bed at Face-EI. face (or throat) invert Inlet DeSCription:

(3.) HWf (or HWtl= Hf (or Htl"EI. face (or throat) FALL=~ft

invert, where EI. face (or throat) Invert EI =~ ft.
Invert shllJld not exceed EI. stream bed. Bevels: ,J/A

(4) S""'Sa-FALL/La Anqle' ___

(5) Outlet Velocity =Q/Area defined by dn at S b=___ In., d=___ ln
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PROJECT: EXg",,,/. No. Z& DESIGNER: ANL..
SIDE-TAPERED INLET
DESIGN CALCULATIONS

STATION: DATE: J -- /S~ 74

INITIAL DATA SKETCH

O~= /bOO cfs So·~

~AHW E1..~ ft. La·~ft oFACE)" - ~
TAPER' _4__ : I .t rtwoot ~Ht _
Borrel Shape

CU~. ~~9 4~~ ~:~- -~~-and Material

Face Edge
45"° 6c-IdsDescription

.~ c.,\:J -'~
t - D=~ft 81'Y B ~ i c-L, I BN=--. B.---ft.

L Toper .==. ='"" ----Gaper

Ji< ~ Xi~
(3) (4) (5) Upper Headings for Box

Culver!s. Lower Headings for

EI.
Pipes

EI. COMMENTS
Throat tI..!.. Q Min Face

0 Invert E AfE'.<z EI;2 At Bf LI S LIS Invert

Trial No-i_, 0·_1000 ,HWf'.z..~ <. 11\\1'. fe.,,)\.,.4Id ) FALL. 7"-.
*

~",-... \- l't ~c.4 81 6/2[or ~ EI/~.
5bl> 18'·' 1.4' 4·~ 2.S5 4~·S

~~
./)48 .24 18'1·5

~1-----
~"-~ ~ ~ '~ Fbl/'ll- No. I----

~ ~ ~
--

*" ~:iinJ~ ~'Jt DJ)1I1 Q/N!)l)..,J,\. e.\ g\, .# W\~ ',Jcku~. eke
Trial Na~_,Q.~,HWt·~~

... Sf 62[i AjE1i) •
~S. 187.5 \.71" ~,~-

~.
~5."5

~<-- ~j-~ .Zl r<.7
~ <: =~

-- ...-----------_.-
''',

~~
Po,,,!- No. ~- ---~ ~~ '~

",---

~
<;;;:-- --

~.- ~~- - "'-.._. . _.. _-------_.._--
'~ ..... '" ", ........

Trial No ___ • Q'- ._, Hwt .--__

~-k-"
~ D~~r Af EV~ •___

f--

~ ~~':,
-_.._.

[;:S
------

'''",

~~I'~'-

I'~~ ~~
~_ •....:::>

~~:K
--------------

", '...

~t~5 and Equations: SELECTED CESIGN

(I) 'VD[or Ht/E]- (HWt"EI Throat Invert-I)/OlorEJ Sf. _9__ ft. (z 'II\lo&h.)
D~E~I.ID LI=

,
ft.

(2) Min. Bf'QfD~) SfQD3J Bevels: AnOIe 4S' u

MinAI' Qf''2}A~EI~
d .~in., b·i.5_ln.

Crest Check:

20 0 fl.
(3) Lit;NjTAPER

HWc •

He'
,

ft.

Q/W· 7t. (Chart 17)
(4) From throat desiqn

Min.W~~ft . .,~
(5) EI.Foc~ Inverl - EI.Throat Invert,. I fl., recompute. rn~'\\..t d\~ Oo'u.Jer7t.

Face end Throat may be lowered to better fit site. but do not raise
";) \ot«. • -\A.p..fed ,,,"'-\
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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 AHW El. = 200 ft.

For a FALL of 2.5 ft., a sumped side-tapered inlet
~.,as chosen. Such a small FALL ..::uuld 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 structures, each with its own prefabricated
side-tapered inlet. An alternate design would be
the use of two circular 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 (So) = 0.005 ft./ft.

Allowable Headwater Elevation = 200

Elevation Outlet Invert = 188.25

Culvert Length (I.e.) = 350 ft.

Downstream channel approximates an 8' wide
trapezoidal 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 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 box with n = 0.012•
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PROJECT: EXQ.W\f)c Nt>. ~ DESIGNER: AJ./L
OUTLET CONTROL

DESIGN CALCULATIONS
STATION: DATE: /-//-7i'

INITIAL DATA:

Q~= 1000 Cf9 SKETCH
AHW EI. = 200 ft.

So = ,OOS-

Lo=_;3~_fl.
AHW EI. Zoo

S7
EI Outlet

F;"":£~~
Inverl.L§l9· 25' ft.

Stream Data'

~'O3/ Q= \000 cfs, k••~. La' 3'5"'0 ft. EI. OutletI~ 50= . 00S' _~ I

H =AHW EI.-E I. Outlet Inverl- ho
Invert~

1-<--8~

Barrel Shupe
• Ze c> - 188.ZS'-_7_ = 4·7S

and Maleflal~ <:... '2>0 X Barrel n = ,OJZ .'. A=11-n2 or D· fl.;Try~--
• (I) (2) (3) (4) (S)

Q Q ~ COMMENTS
C N H NB de 2 Qn TW ho HWo Va

Tn 01 No ----L- , N=---l- , B=
.,

D=~, ke=~

f--- .....r\- , chc,"'+-5 \~os ~

\0"_0 \000 _4.:~_ 1~\_ 12~ 8·13 b,Z 79 200.'" Exce...J> A}\w t='( . ---_..-

- ---- -_. --~. +"'1 lC<.r9~'" :>13~ --
I

f---

Tnal No_L. N= __'__ ,8= 10 D- '} k.=_,_2-__.

~-r:r--f:~O. !.l..oo.? J> __'Z. \C>_~ _~:..€!.... L"L ,=,.z. 7."} I.,., ·1 &k.- c..\o~c -to 1\)\":,, E/. __ ._- -

~o_~ _8~-t z-' \~t~C> S'.g 7.4 5·" 7·.4 Ins
. ---------------.----

(ZOO i IZOO 4·75' IZO 7.(., 8."3 ",g 8,!J zo/·3

Tnal No __._, N'_.__ , B=___ , D' I ke=-_-

! ----r
-

I
----- --

--- - -- -- - -- --- f---- ---- - - -- _.

Notes and E.Quations: SELECTED DESIGN
(I) de cannot exceed 0

(Z) TW based l'n dn in natural channel, N= I At Design Q :
or other downstream control. 10B= fl.

(3) ho=~-- or TW, ...t1lchever IS lorQer.
~ HWo= 192.'9 ft.Z D= fl.

k.= .2- Vo= - f~(4) HWo = H· ho + EI. Outlet Invert

(S) Outlet VelOCity {VerQ IAreo de~ined by de
or 1 i{ . nn' "eater than D. Do not compute ~ 29n

2
• Lj V

2
until control section IS known. • H= I+ko~~- -

R· 29
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TAPERED INLET
THROAT CONTROL SECTION

(Lollier Headings·)

DATE: / -/1- '71

DESIGNER: cUI L

Inlet..-1 f S ____

Structure LEI. Throat Invert

CONVENTIONAL or BEVELED
INLET: FACE CONTROL SECTION

(Upper Headings)

CULVERt INLET CONTROL SECTION

DESIGN CALCULATIONS

No. :3

STATION:

PROJECT: £-;:.a.mp/e

INITIAL DATA:
Q~=_/DOO ch

AHW E1." zoo ft. Z
,., . 005 ~w~I--""-'OO"""'-_

La= <35"0 ft. ~
EI. Stream

Bed at Face~ft. t:lt~FALL

Barrel Shape I---\-j - - ~---;Sa;:----~'"
and Material £.c. ~OX Barreln-~I 'i.-. - - -~

%1 \ S_--
N= -L-. B=_/~ EI. Face Invert

D= _"J__ .NBD3/2 =J.I.QJ..f.a.b/e 3)

(Pipe) ND~ • - _

•

Trial No.~ Inlet and Edge Description ::''''I\JCo.~'''' e.d'l<!";o ~,::I,-" 'heCl.elula. \ \~

DEFINITIONS OF INLET CONTROL SECTION

(I) (2) (3) (4) (5) Note: Use Upper Headings for
Q HI EI. EI. Coyentionai Of Beveled Face;

NB D Hf Face Stream
HWf Lower Headings for Tapered

Invert Bed Inlet Throat.

EI.
At

Face

~}2 ~ Throat COMMENTS
Q Ht FALL HW, S Va

D Invert i

• \000

c.W:>.<\ 1

\00 \-3 \\.1 \88·~ \90 \·7 Zoo

Trial No.~ Inlet and Edge Description __"l-,--S",-o_-"i3~e.::::...:.~.=~,-,\-",,>,--- _

\C>OC> 10C l·l. ICl.a
~p~ ~

189.1. \~O ·8 Loe .ooz:r \~.~ EAL-L \<;, 1'!w.,o{"- >'\0+ 1I~C.e.~~1

II"Z...oo

t-"8=-0_0--t_~ ~__\.01. _~..:..?

\ Lc I A"\ \1.. CJ

Trial No. Inlet and Edge Description _

•

Note sand Eg\Jotions:
(I) EI. Face ( or throat) invert = AHW EI. - Hf (or H,)
(2) FALL= EI. Stream Bed at Face-EI. face (Of throat) Invert

(3,) HWf (or HWt1= Ht (or Ht)+E1. face (or throat)

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

(4) S=So-FALL/La

(5) Outlet VelOCity =Q/Area defined by dn at S
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SELECTED DESIGN

1-----------------
Inlet Descnptian:

FALL =......:...8.- ft.
Invert EI =~ ft.

Bevels:

Anqle- 4-:;0

b=~in.• d=~in.
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Q. e..t's

DAMPL.E No, 3
\)6SI&~ 'Pe.12Rll2MAAC:.£ c..~~"e

~~

~~
.-&. ...~~

A'I),W ~~. t: -adeJ~

EflJJ-'"~~
-6;;TWCOM "0"-

- --
>- ~ 13\"h)rfl~ \~TE£..Y~ ~E.

£L.

'I; -1-- -- I-- ---

I

~
..,

~
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'l"i

vo
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W
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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 a 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 throlJgh optimization .
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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PIPE CULVERT EXAMPLE NO. 4

Given: Design Discharge (Q50) = 150 cfs

Allowable Headwater Elevation = 100.0 ft.

Elevation Outlet Invert = 75.0 ft.

Culvert Length (L ) = 350 ft.a

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

Requirements: 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 Q
of 150 efs •
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PROJECT: £ -x...ame/~ Il1o _4 DESIGNER: JI'1N
OUTLET CONTROL

DESIGN CALCULATIONS
STATION: DATE: /Z-/{)-7!>

INITIAL DATA:

a~= /$'O cfs SKETCH
AHW EI. = /00 ft_

So = 0_0S'

La =-.2.:>C'_fl.
AHWEI.~

SZ
EI. Outlet

Invert~ft LI --- __
I -- - - --

Stream Data:

~ : TW
~- O-03 A First ApproXimatIOn La~

I --'---- So· 0 -0 S -z I a=~ cfs, k.· 0_ 25 . La. 35'0 ft EI Outlet

H =AHW EI.-EI. Outlet Invert- ho
Invert~

k-5~--- • 100 ' _~-~ . 20'
Barrel Shape
and Material C/(Cu/a. ... _ CI'1P Barrel n' 0-024 . A· ft.2 or D· -'ft.. ,- ft.; Try 42 "..

.. (I) (2) (3) (4) (5)
a a ~ COMMENTS

Q N H Ni' de 2 On TW ho HWo Va

Tn 01 No_/_ , N= __I_, B= - D= ~. ~I k.= O·Z5', ---,

k<trf 3 ", ...,f~ JI()5 • 76"'. 8

L~_ /~O _Rt_ j§:p--- ;>3-S 3-S - I. " 3-5 /o'·S 7~" 3/,,< "3-5' = /0".:>

1-----
lin{, '? AIIW G/. -r;~ .,8 .-

---

Trial No._2._, N = __1__ , B=__-_ , D= 4' ke= 0·25

~oJ.!52) __ /S"-t.. /!>o 3-" S·~ - I-C, 3.8 '1-9."4 C)k.. - Cbecl:. SQua"'-C edoe+--- f--------------- 1-------
I I

/00 : 100 7.0 /00 3-1 3.S" - /.-1 3.5 85'-5'
~----------r.

I

ZOO 1200 Z7-8 Zoo /'4 -1.0 - /.9 -'/.0 1tx.8

Trial Na~_, N= / , B' - D= -4' k • O·S, , e ---

!
-!?C+~_ /" .2 1-<:. 3·08 'jS',O ;::;;,,.,, /n/d- Conk-of s~<.,4on1----

~ r-~ a... ~~ '-2
1·4 Ch../CL<./G.4o~ re<j'c1~--D-rO~

7.2- 3·S 8S: 7 FIlL I..._--1----t-------------1------ 7

ZOO 200 28.8 I., "'9. (J 167-8 .. U~II!.. /mp~oT~d /'?)~f-

Nates and Eauatlans: SELECTED DESIGN
(I) de cannot exceed D

(2) TW based an dn in natural channel, N= I At Design a :
()( other downstream control.

B= - ft.
(3) he = _d..cQ. or TW, willchever is larQer.

D= '1- ft. HWo= ").,..", ft.2

(4) HWo = H + ho -+ E I. Out Iet Invert _ ke=O.2f"or{).S' Vo= fit

(5) Outlet Velocity {Vera/Area defined by de
or TW, not greater than D. Do not compute ~ 29n

2
, L;] V

2
until control section is known. • H = 1-+ k" + RL33 29
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PROJECT:£-x.-e/e Ill,,· 4 DESIGNER: dR'"
CULVERT INLET CONTROL SECTION

STATION:
DESIGN CALCULATIONS

I~- /0 - "7'DATE:

INITIAL DATA:

a~= /1>0 cfs

AHW EI.' /00 It.
AHW El IIJO jWOEI. /00So= O.<!JS"

~ALL ~
La= _3S'O It

EI Stream

I ~Bed at Face 9~. S- ft Ht -

N- - .. FALL l 50 __
Borre I Shope

- --~--- k~~~~e LEI. Throo~::tand Material C'I't:. CHPBorreln'~
JV \ S-=-:.-

N=_I__ • B= - 2 EI. Face Invert

0= ~,NB03/2=---
TAPERED INLET

CONVENTIONAL or BEVELED THROAT CONTROL SECTION

(Pipe) NDo/, • 32 (r<>hl.. ~) INLET: FACE CONTROL SECTION (Lower Headings 1
(Upper Headings)

DEFINITIONS OF INLET CONTROL SECTION

(I) (2) (3) (4) (5) Note: Use Upper Headings lor

Q Ht EI. EI. Coventional or Beveled Face;

NB D Hf Face Stream
HWf Lower Headings lor Tapered

Invert Bed Inlet Throat.
1---- - At

EI. Face
~// Ht Throat COMMENTS

0 -NBD}z H, Invert FALL HW, S Vo
D

T"al No __1_ Inlet and Edge Description $1 var... ~~s

......t ,2-

/5'0 /:>0 2.IJ7 8. "3 9/·7 9~·S 0·8 /IJOo 0.0018 ,c4u.. r~'iw~d, t/se 6e lI"e Is

-_.---- ._- ~~~, ~
~~'~ ~

Trial No._2_ Inlet and Edge DeSCription &vded eq7~S

n....+ I"?> liDS <I

4°· !;?O__ /.:_'JZ 7.1 ")23 '7·s'
~ 0 /00 o.o~ /~ c./,ec.i: -t:4ee/~d /~ /~ /-

----

"--.~~ ~
.-

100 /00 j.Z5 S':-o

~
:t7. 3 -t-J,.oa/

~~~, ~
----------- --

Zoo 200 2 Cjo II. "- /tJ3·9

Trial No.~ Inlet and Edge Descrlptioll ~r~c/ N,kr -droa./- , rou9/r
>

ch4rt 'S
/:>0 ~.:L /.6.5 ~.<#..- 9ZS' 92-S' 0 99./ O·Os I~ Mcr6:is~<, Q 121 AHW
~-

r<~ ~~~ ~/00 3:J.. /_~!..-~8 "-- 1---?7. 3_ e/ /'7'_ /~a ....b /70 C.. ./-'3.

206 6>-2 2.2'2 B-1 ~" ~~ /0/ '1~
Note sand Eq1Jatlons SELECTED DESIGN
(I) EI Face (or throatllnvert = AHW EI - HI (or H,)

(2) FALL= EI Stream Bed 0' Face-EI. lace (or throat) invert Inlel DescriptIOn: B~.r,,/~tI

(3.) H"~I (or HW, ) = HI (0. H,)'" EI lact' (or throat) FALL =_O__lt ..tl9~s

invert. where EI lace (or throat) Invert EI = ,!Z-S' ft.

InVErt snoold not exceed EI. stream bed. Bevels:

(4) S"'=So-FALL/Lo Angle' ¢s'.

(5) Outlet VelOCity =Q/Area defined by dn at S b= ___ ln., d=~_in.
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PROJECT: E-r..o."1,Pk 1'/0 4 DESIGNER: JI1M
SIDE-TAPERED INLET
DESIGN CALCULATIONS

STATION. DATE: /Z - /0 -'13

INITIAL DATA SKETCH

Q~s ,ISO cfs So= t!J. oS- ::C'/ EI. ~ ;'AHW EI. =~ tt. La= :3 5'"0 fl.

TAPER = ---±--: I

.1 ~~Borrel Shape
C;r~dr CI'fP ~ 0 ~;:--~and Material

Face Edge
45'° e!t!!"I(;!sDescription

ft~~~~]B Icre'~JN,-I-. B=----fl.. D=_4_' _tt.

L Toper --CTaper

i ~ X ~
(3) (4) (5) Upper Headings tor Box

Culverts. Lower Headings tor

EI.
Pipes

EI COMMENTS
Throat ~ 0 Min. Face

0 Invert E At E''z E'/2 At Bf LI S LIS Invert

T"ol No_L__ ,o=~5'O ,HWf=~ ( {/:-~ (o~r" CO/UHf/! h"ad"'9s)
~horf I., 1O./~ .. r...(,./c 7

~0r 'If EI/~ =-Le.8~
/5'0 ~.s /, " /j.t) ZO /8t5 6.0 4.0 0.05 0·2 9z.7fC----.

~~~~~-~~~
--

"
Std.

~--- ~-:--",:-",_. d~.s'~1"\ '. Bf:: ;.SD

.~"- ~~
"'---, ~, ~~~ -= ~' ,', e/<:..'"",-- " ~{d. deslqn

Trial No __ , Q' ___ HWt"

---
Bt 52~ AtEI~ =___

....., - -

~~>~
Ie--- -- <:::::::

~~
~-----_. - - - -----

......,

~
"- ~

-- --. ,,=- ._"::'" -- ----

~~
- -- - ---- -- ----

~ ..... .....~

Trial No __ _ , Q =------. , HWt =

S, D~f?r At EV~ =.____.

'-.....~ ~"
._------

'~~~
~

'~ '-....."-
~--- -K~ ,-,

'",--- ' ....

~~~~~ ~~
._------- -

'-.....1

_~!!.s..and_l'~'!.t~~99./ - 9t. 5' -1)/4 == '.4- SELECTED DESIGN

(I) Hf / 0 [or HI/E] ~ (HWf -- EI. Throat Invert· I )/ D[ar Ej Elf=_~tl.

05[" 1.1 0 LI=_~D_ft

(2) Min Bf'QfD~) ~J Bevels: Atll~ Ie 4S" 0
Elf D, 'z

MinAf' 0fl'2)A~EI~
d =-=--'in., b=_3_in.

Crest Check:

HWe =.....:!..'!.:....L. ft
99. ,I

(3) L, t ~ Nj TAPER [',0;4.°]
-')1.0

I Hc=_~ft
---

4 ~ 4 0
t.. /

Q/W·~_(Char' 17)
(4) From throal deslqn

MinW=~.:.i-fl.
(5) (I Face Inverl - E l.Throo1 Invert> I ft., recompute.

Far.e and Throat may be lowered to betfer fll site, bul do nol raise.
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48 in. COTl."UGATED MEr-AL. PIPE

1(;0 /80

Q, cf's

~o

0
V1

Ii

85

"2
~

'"~
Bo

'00 12.0 146

105+-----+------I-----+----+--~+__+----_+_----
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Conclusion - Example Prublem 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 l7U cfs at AHW El. = 100 ft.
In both cases, the FALL = O. 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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PIPE CULVERT EXAMPLE NO. 5

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

Requirements: Hydrological estimates are accurate and
exceeding the AHW E1. at higher discharges
is not important at this site. Therefore,
use the smallest barrel possible.

The out1eL ~ontro1 curves of Problem 4
are applicable in this situation. The 48"
C.M.P. is the smallest barrel which will
meet AHW E1. = 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 AHW E1. Try
a side-tapered inlet, with FALL, end
a slope-tapered inlet.
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Conclusion - Example Problem No. 5

Selection of side-tapered or slope-tapered
inlet must be based on economics t 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 ca.st-in-place slope-tapered
inlet (smooth) may be chosen for an installation t

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 the inlet.
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APPENDIX B

Development of Design Charts

for Improved Inlets
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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, and 7, respectively,
on the culvert hydraulic research performed by the National Bureau
of Standards Hydraulic Laboratory for the Federal Highway
Administration. Other Progress Reports were used in developing
HEC's 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 developin& 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)
A. Throat control

Q
BH 3/2

t

K (1)

B. Face Control

Q

B H 3/2
f f

K (2)

C. Crest control for slope-tapered inlet with mitered
face, same as Equation (1)

II. Submerged conditions
A. Throat control

Ht 1 (~} kt -0.01 ( 3)
D 2gC 2

t t

B. Face control

Hf 1 (-f) H f
-- -0.01 ( 4)E 2g.C2

AfEf

C. Bend control

Hb 1 /~)- -0.01D 2gC2 \ 2 + kb (5)
b 'b D
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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, Ss' the top flare angle, St' and the slope of the fall,
Sf·

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 dashed curves cover
the following conditions:

(1) 150 to 260 wingwall flare angles with the
top edge beveled, or

(2) 26 0 to 900 wingwall flare angles with no
bevels (square top edge).

The solid curves apply to:

(1) 26 0 to 450 wingwall flare angles wi th the
top edge beveled, or

( 2) 450 to 900 wingwall flare angles wi th 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 00 to 20 0 were tested. As the
angle is reduced from 20° to 0°, the Ct value becomes more
favorable, but the kt value becomes less favorable in terms of

13-143



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 and 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.lD and the required face area is obtained by
increasing Bf' the maximum taper is defined by a plan view of
the inlet structure.

~Flare Angle

Research tests on the top flare angle, 9t, 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, 9 t , of
appreciable magnitude." (NBS Report No. 9355, p. 5). Conse
quently, the recommended design configurations use a 9 t of 0
degrees. That is, the height of the face, excluding b~vels,

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.lD 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 l:he 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 O.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 kf' 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

b. Slope-tapered inlets

0.475 ( Q )
BD3/2

• K = 3.07

= 0.475

2/3

(

Q ) 2/3

BD3/ 2

(6)

(7)

2. Face control
a. Side-tapered inlets

K = 2.38

b. Slope-tapered inlets

2/3

(8)

= .50

•

K = 2.83

Hf
D
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3. Crest control

H

005{,J/2)
2/3

c (10)
D =

B. Sub~erged conditions
1- Throat control

a. Side-tapered inlets

Ct = 0.94 k t = 0.96

Ht ( BD1/2)
2

- = 0.0176 + 0.95D (11)

b. Slope-tapered inlets

Ct = 0.93 k t = 0.97

Ht
( Q r + 0.96D = 0.0179 BD3/ 2 (12)

2. Face control
a. Side-tapered inlets

i. For 150 to 260 wingwalls with top edge
beveled or 260 to 900 wingwalls with no bevels

Cf = 0.59

Hf
D = 0.0446 + 0.84 (13)

ii. For 260 to 450 wingwalls with top edge
beveled or 450 to 900 with bevels on top
and sides

Cf = 0.64 kf = 0.87

:f = 0.0378 ( Q3/ 2) 2 + 0.86
BfD

(14)

b. Slope-tapered inlets
i. For 150 to 260 wingwalls with top edge beveled

or 260 to 900 wingwalls with no bevels

Cf = 0.59

Hf
D = 0.0446 (15)
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ii. For 260 to 450 wingwalls with top edge beveled

or 450 to 90 0 with bevels on top and sides

Cf 0.64 kf = 0.71

Hf
( g r 0.70

D = 0.0378
BfD3/ 2 +

3. Bend control for slope-tapered inlets

Cb 0.80 ~ = 0.88

~
0.0232 (Bb~3/i)2+ 0.87D

(16)

(17)

i1.•

II. Pipe Culverts
A. Nonsubmerged conditions

1. Throat control
a. Side- and slope-tapered inlets

i. Smooth pipes

:t ~' + 0.0016 (Jliy
Rough pipe

:t - ~' + 0.0045 (n§11 2

2. Face control for side-tapered inlets

- 0.011

- 0.011

(18)

(19)

No equations are available for non-submerged conditions.
Curves were developed using an empirical curve in
Research Report No. 7178.

B. Submerged conditions
1. Throat control

a. Side- and slope-tapered inlets
i. Smooth pipe

•

0.89 k
t

o 0.0318 (13Ii)2
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ii. Rough pipe

Ct 0.89 k t = 0.90 Darcy f

Ht _ (~)2D - 0.0341 D5/2 + 0.89

2. Face control
a. Side-tapered inlets

i. Thin-edged projecting

Cf = 0.51 kf = 0.75

Hf ~ O.0098(-'l,-,) 2
E , [11 ,.

+ O. 7t,

\ rI.[.

ii. Sq uare-edged condition

Cf = 0.57 k f = 0.80

Hf (Q \ 2

E 0.0478
AfEl/2)

+ 0.79

iii. Bevel-edged condition

Cf == 0.65 k f = 0.83

Hf (9 r- 0.0368 + 0.82E
Af E

l/2

b. Slope-tapered inlets
See box culvert slope-tapered inlet equations

Specific Limitations for Slope-Tapered Inlets

Bend Control

0.07

(21)

(23)

(24)

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

13-148



•

•

•

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, Bb , required to insure
throat control operation was found in terms of the barrel
width, B, at the throat. This value was found to be Bb =
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 = O.5B. To stress a point, this is the minimum
distance measured at the soffit, and it can be greater
as conditions warrant.

The FALL at the inlet should range from D/4 to l.5D.
Inlets with FALLS less than D/4 must be designed as side
tapered inlets. Inlets with FALLS greater than l.5D will
require extremely large face sections, and thus very large
inlet structures. For these large inlets, frictional losses
between the face and throat sections become significant and
should be determined .
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APPENDIX C

Summary of Field Survey of
Improved Inlet Structures
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SUMMARY OF FIELD SURVEY
OF IMPROVED INLET STRUCTURES

Hydraulics Branch
Bridge Division

Office of Engineering

and

Research and Development
Demonstration Projects 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 cooperative
effort between the Hydraulics Branch, Bridge 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 participation 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 inlets. The cooperation
of all survey par.ticipants is greatly appreciated. It should
be noted that not all States or all 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 installations 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 ins~allations 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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Sll:m'.ar:-, of IlIlpr..>...ed Entrance FiE"ld Survey

'Ilo:(': Inlcts do not necessanl)' conform to HEC No. IJ <;la:'u1.. :-c.lt.
Type desi'fr:.il{on ind1\atel> "lOst similar standard inlet.

Type! - slde-toJpered box culvert, face section .at creat
Type tl - side-tapered box culvert. depression upnrula of face
Type lIt· slope-tapered box culvert. [ace section at crest
Type IV - slope-t.apered box culvert. face section on fall slope
Type V - side-tapered pipe culvert
Type \/"} - slope-tapered pipe I,.ulvert

Alabama -------- •• _-- -------------------- Standard plans are dvai 1· ._ _ .________ •• ._

abi(' Illf Type 1 enlran(.es.
Typf' ITI entrances h3Vt'
been Ite!' ll;ncd.

--------------------------- Rounded edges on culvert entrances are
shawn on sOllIe stsndard plans.

Al.Jslta Non!' c('nstr<lrteJ
------------- -----------.-- ---- •. _--- ---- ... --- --------------------------- State does not use box culverts; bevels

or rounded edges for pipe culverts "'ere
Dot mentioned.

.\r;'<l.n535 POlll.tsett CONnly . .itate Cnder Construe
HI~hway 16J. 1.;S I:1du t ion (197:,
north of BaJ Vi IlaKt'.

') x 5' x 07' RCB Type Ill. 4 It':" x 07' ],.:.02

Rl.B - S..vl"l dlmenslons 1 I ! Ii ---------------------------- Structure on loess, ou~let scour is
controlled.

-----------------------_.- _._---------- ---._---------- --------------.-------------------- ~o lm?rov,....l entrances have been
Jesi-.:n£d o~ ::f)TVllrucleJ.

--------------------._._- ---- .. ------- --------------- -----------• ----------------------- ;>On imprC'\"'d €ndn::n~e<; have beer:
dcsif(ne-d or CClnstruef('(1. -------------------------- Beveled or rounded entrances are never

ul!lled.

---------._---------------- !leveled or rounded entrances are never
uled.

Design flood - :'500 cfs. Large boulde.rs deposited in culvert.
Carried 2700 ds - boulders
damaged culvert £loor.

epla'.:cd "'irh railroad rails
embedded in concrete .

5220.""5200.000Double 10' x e' RCS T)p(' II I. Colt'lrado S ._20,000
du!p,n. 8' It S' x 1955'
RCB - B('vel dimensi~:H1:

~one

Hi~hvay 1 5 at Soda Lake<: 1968
~nterch3nse. fonveys
T"Irkey Cr(:ek

CoJloradc.
(It. orl-ter sues
lIlen t i ooed. no
dela! 11

OJ strlu (II
Columbia

Florlda ------------------------ Has nOT 'll:~igned or rons''["ucrec c.IY sith~-tap"'["ed Crype I C't II
Clr s;op~-t""Vt're.:.' fTvpt> III or IVI inllets. __ • _

---------------------------- Uses 450 bevel at inlet and outle:t of all
concrete pipes; for concrete bO)ll;es. a
2-(oot radius rounded edge is used on
the sides of the barrel at Junction with
headwall.

W Georgia Dade Counr \', I-57. 1.49 196.° Double S' It l.' x yp. II! Single b' x .;0' It IU,:'J6 S f.,bOt. S J,832 )0. Sl!IItisfactorv In ,h. pa.t::. beveled edges on c\.lvertsi lI\i les nortn of Ceorglil- 100 ' RCB 189' RCS. Bevel dimensions;
av. been used on a selected b.sIs only;--- Alabama I\ne, 0' uSt'd (see cOm::l('nts I.
ovever, " " planned to prepare a

construct ion detai 1 that vill provide
c.n

beveled edge on all box culverts. Tnn
--.J

Inches of deposition over 1) percent of
!barrel. " ,. reported thac " , •. outlet

itch needs cleaning ..• "
l.Iatle C~ICnt)', 1-59. .. 98 1968 TriplE' barrel VI'';' Ill. double "

, b' , 61.970 S J8.22b S 23,744 J8 ,. ---------------------------- o debris, deposition or scour problema.m\ les ncrth ('If Georgia- " x b' x 29t.. ' RCS 91,' RCB, Bevel dimens ions:
AlabalN'l lin.,.

':t< pr.,v{uus ~ommt:'l\t

D,Jde COl:nt)' I-H. 2.54 1968 , , 5' x )97' RCB Typ, Ill, S' x S· x J'17' 40, t8B' S 24,100 S Ib,O~B ..0.0
--------------------------~ o debris 0' scour probleml!ll reported.miles r.orth of (,eorgla- CS. Sevel dimensi::ms: ,. inches of deposition hAl occurredAI .. balllil line. Junet :')n

" • omment fo' first ~ite
n barrel over last 50 feet,of "y" structure. lsted.

Dade Coun:.y. I-Sq, 2.5t.. 1968 S' x S' , 121' RCB ~P' TIl. "' x 4· , 12i' 2B' S 5.715 S 1.508 20.; SUisfactory No debrIs, deposition or scour probleasllIiles north of Georgia- CB. Sevel dimensions;
reported.Alab.:una line. Right .. cOlfII\er.t '0' first

fork of "y" Structure.
eOI",l~ia stce listed.

Dilde l.ounty, I-59. 2.51., 1~68 ,. x S' x 160' RCB Type III, " x " x 160' ';,794 S 5,182 $ 3.... 1..1 'I .2 Satisfactory DittoIIIl1.,s north of Gt>orKil'- ilC6. Be\el dimensio.... s;
Alabama li:'le. Lt>£t se., connent fo' firstfork t)f "Y" structure. I Georgia Sltt> listed.

D.3de County. 1-5Q, 5.25 1968 Double b' x 6' , T'/pe I II. 7' x 6' , ]51' 32,741 S 26,85t S 5,S9~ 18.lJ ---------------------------- No debris 0' scour at outlet reported.milt>s north of G('.lr)j;il!ll_ HI' RCB RCS, Se-vel dimensions;
Six inches of deposition over 85 percentAlabama line. spe com~enl fo' first
of barrel due to embankment erosionGeClT~~a site listed.
n_, tnlet.

Dade County, I-59, ''1.43 1968 8· x L' , 39J' ReB Typt- Ill. ;' x S' , 393' 14.649 S U,J5t. S 9,295 26 b -------------------------._- No debris 0' ICOur problems reported,mi Ips north of Georg~a- RCB.
3" '0 12" of de:position has occurredAlabama line.

oVt>r lowe:r 39 percent of barrel .nd
outlet ditch needs eleaning.

Dade County, I-59, 6.42 1968 7' x b' x H2' RCB IType Ill, " ,S' x )12' 21 bid S 14,801 S 0.81 ~ --------------------------- No debris 0' scour proble:as reported.lIIi les north of Georgia-

I RCB. St>vel dlmensions;
51. inches of deposi t ion has occurredAlaballlil 1 ine. se., C(l{lIl\enl for first
in barrel f"'" end of taper to outlet.Geor'lia s~ te listed.



Tripl~h~rre~~ x ITv?elll,dOUble4'x4'" S 1'),272
S' x 218' RCB 2'11' itCB • Sevel dirnen-

see CQllJlletH {or
rirst Georgi'" site listed.

--. ~ •• --- - •• -.-... SevC'ra I currerot I y under
"h'slll;n.

9' I," Yo 6' • 2' Type rJI. 6' x S' :w; 5.. 5'
PlP", .ircl'!, 54')' ReR, Bevel dtmel1slons:
1,·n,. 6" x (." [tlle[ bottom

Oebrh, depolitiol'! and scour kaYe not
been proble=-.

State'l standard practice is to ule
beveled or rounded edgel on III pipe
culvert entrancel that are 72 incheA
1n diameter or larger_ Ule of beveled
Qr rounded edges on culverts I~u than
12 inches in diallleter is dete[lllined
lelectively as justified by tonditioDA,

Ce-entl

State ules 3/4" chlnfer on III concrete
edges al a standard practlce.

Per fonnance

S '!C',fiOO 'J.:;'

$ ~. ,\J. .. •• .,

I
I ;
-.- .•....• I ..

I

I' ".Ib,

I' 47 .'00
');500

COS!

onvt'ntional 1m :,ovec! t:!1trance~l:,:.rovedEnlranceConvent i.:ma I

Oesi~11. COlli·

pleted, ,-UIl

t"a' n"t :.,1
a q jf JU:"Ie I,
lQ11.

Do"
Cor,5t r:..~ t ~d

No installa·
t iOll~ yet,

Dade County. J-)~. 5.!o!
~lles north of Ceo:lr6u.
Aldbama Hne

Shoshone C"unt'j, r-90,
? ..,:: 1e ~ ""est of '.:111 act'.

Locat ionSt.lte

t' 11nC'1 5

GeoJf .. :a

So probte::u reported ....ith debrh or
depolition in barrel. Bank nOlion
has occured downacream from outlet.
but damage hu been repaired Ind ripup
has been provided. Situation is no
longer considered to be a problem.

Recently approved atandard incorporatea
8" radius bevel on top slab only. No
problems reported ..,ith debrll or
depoAition in the barrel. An impact
energy dillipator has been provided.

Recently approved It.andard incorporates
8" r.1dius bevel on top slab only. Rail·
road structure located dovnltre... ia
f'ltpected to provide sufficient t.il ....ater
at culvert exit to prevent ICour.

Debris I'lnd depolition ..,ithin the barrel
have not been proble.cs. Some scour
luu occurred at the cut I et. but hal not
caused a maintenance problem yet.

ditto

ditto

ditto

----.----------- So debTh. depol1tion. or scour problems.

ditto

Apparently satIsfactory

ditto

ditto

----- •• ----------- •• ------- Beveled or rounded edges ~re never
used.

Satisfactory
Passed a discharge of 1000
cfs ,,",ith only t.' of head
....ater.

'I . .!

J'

6,200

51 "Co ,2055 :TLlll)ISinttle barrel, T)'pc I,

I~;~e; ~~~~~~~~~ ~~~

I
<?XPllCitIY stated " .. ,
on selected basis .. , ..

,vpe 111. ). It )' X H~'

RCB - gev"l;~ dimens.Ol's·
nO:lt' - see comnenlS.

• -.--. - - - - - ---- --, \C':~

D<'uble 10' '( 10' x
729' ReB

5' .. 3' x Jlt.' RCB

'Qr.h x " x 42)' IC'S 'p. I, b' x S' x 21' 64.9i!l , "U.23"
C8 Bevet di:r:ensions:
·lnrh radluJ.

!~"tl It;' x 10' x 4!.7' Type I, 8' x " x 427' S 12e.OClO 32,')')0
Re8 RC8 Rcv('1 dimensions:

~·lnch rarlius,

1900 8' x S' x ", RCP. r"". I. x . x 5bt. . 1")1,650 , qO, jl'jn

ReB B(' ....el <lH~en·slons:

R-inch ~atl it:s •

: ~70 " x b' x ,]' P.CB Ty;>e ; II, " x b' x 81' 4, :00 S 3,500 S I, ~,y, 2~. ~

RCB, Bevel dirn(,ns10n"l:
nn..,,, $e(: contment"l.

ll>fol q' x " x !'); Re. , ' x " x I;')' ---_.- -- ---~--
10" radius ou ,op

19b6 S· x S' x 409' Re8 ':'1.392 ,
)O,t.4~ S Il,Q'.4

196J

1970

Callatl!'! (ClUNY. !-71,
I :/'! '!'des .... est 0:
Glencoe

Otta....1 C<,unty, us-al
! ,1~ tai tel north of
Stat ... Hignloay 18.

Gal!a:ln C"",nt". ,
I Ill!! PS l~crtt-"'eSI ,,:
GI ""coJe

Story Co..,ratv 1..·.S. J(
1 8 lilt ie south Cd l('t\,lJ
StoHl' l!!':lvcrsity
Hemona' Union,

Grlly County, CS-50. 3.9
IlIdes eAst of Cil'llarron.

(,allatin Ccunty. 1-1l
1 ) .:. !':Ii le~ no:-th "i
Clen.,:.,)!'

leavf>n",%rt!"> l"')L!H \. l:S~ 1}
)SD' n,'rl", :'! Ci L'" .'!

Ca::at!n County. 1-7~.

l I' l :nil ~s :'lorth\~a~t

,~l r.1"Jlcoe

[ndiana

Kansas

IO,,",d

(has b·.lilt
approximately
)50 illlproved
inlet s:-ruc
tures) .

Kenturky

--'
W
I
--'
<.J1
CO

• _•••• ---.-- •• ---.-.--- :'('IlmprovelJ • __ • •• _._44_ _ .... _._ .. __ ... 4 •. •• __ .~. • __
culvt'rt lnlf!(_
r.a'le been ..:on
stn.cted ,15
)'f't.

••• - -.>- -----.--- .. ------------.---- Stale 15 developlllg ne.... culvert Itandard.
that lJill include beveled or rounded edges.
Side-tapered dnd ,lope-tapered entrances
il! be considered in future designs.

Maine Aroostot'K County >'H.
1.9 .tllles west of line
il.o'\<i 5:'idgt'

1~6S 9' '( l' It .DB' R(;B Si:~ular to Tvpe 111,
7' It b' It ':"H!' RCB
Bevels n"t ullC<!.

_!, J91l

Ar()()<'{ ook C"unry, '. IS,

I1 {• ."i le IoI,'st JI ! 11'<'
ROiltl Rrld~e

1,b5 C;' x 7' II 'i67' ReB Slln,i ..... o 1v;>c Ill.
i' 1< .,' x ~b7' io;f:9

Bc..,t'ls not '.s".:.

$ ~7., 3<; 5 67,8OQ



• • •
Summary of II11pToved Entrance field Survey (cont.)

•
S<.. loea ion

Date
Constructed Conventional ~s~ llUDroved Entrance Convent iona I£2~~lllPrOVed Ent ranc

Savings
Amount Percenta e Per fonnance Cooaent.

Maine

Karyland

Michigan

"rooatook County, 1-95,
0.7 mile vest of Line
Road Bridge

Prince Georges County.
1-95. 4 miles welt of
Beltsville

Prince Georges County,
State Highway 212.
1-95-](26)6, 4 miles
welt of Beltlville.

1965

1969

1969

None

10' x S' x 506' RCB Similar to Type III,
9' x 8' x S06' ReB
Beve 1s not used.

Triple barrel, Type I. single barrel,
II' x 6' x 479' RCB 14' x 9' x 479' ReB

Bevel dimensions:
6-inch Tddius.

Triple barrel, Type I, double barrel,
11' x 6' x 264' ReB 11' x 7' x 264' ReB

Bevel dimensions not
given.

None

S 102,552 $ 96,475 S 6,077 5.' --------------------------- --------------------------._-----.------

$ 202.000 $151,000 S 51,000 25 ---------------------------- No debris or acour problema reported.
One foot of deposf tion throughout
entire length of culvert (entrance
ond barrel).

$ 114,200 S 85,200 S 29,000 25 ----_._-------------------- '0 debria or scour problesu reported.

-------------.-----.------- No side-tapered or slope-capered
structures have been built; the
only improved inlet structures are
thoae with prefabricated flared eod
aections.

----------------------- No side-tapere or slcpe-tapered
structures ver reported,

18.5-ft. diameter pipe $ )04,486
with headwall and t"ounded
entrance.

W
I......

Minnesota

Kiuiu!pp!

Hinourt

Montana

St. Louis County,
Highway TH-61, 2 1/2
mi lea northeast of
Duluth

St. Louis County.
Hlgh-.y TH-61. 1 mil e
northeast of Duluth

Cook County. Highwly
1H-61 at Crand Portage

Levi. and Cladt County,
I-n, 6 miles south of
Woi f Creek

1960

1960

1957

1964

Double Darrel, 96- Type VI, singlE" barrel,
inch RCP with hooded 10' x 10' x 28)' RCP
inlet, 283' long. Bevel dhnensions not

giv8r'1.

10' x 10' x 207' RCB Type ~II, 8' x 8' x 207'
RCB - Bevel dimensions
not given.

12' x 12' x 191' RCB Type Ill, 8' x 8' x 191'
RCB - Bevel dilllensions
not given.

334-ft. bridge

60,000

31,400 $ 20,280

$ 28,000

$214,243

S 12,500 21 No record available, but
apparently satisfactory.

S 11,120 35 Apparently satisfactory

S 17,000 38 ditto

-------------------------

-------------.------_._-----

S QO.2L) 29.6 Satisfactory

No problems with debris or depoaition
within the barrel. Scour haa beeD
somewhat more extensive at the outlet
in comparison to conventional culvert.,
but is not conaidered to be lerioul.

No problems with debris or depoaitioo
within barrel. A a_II scour hoh
il fOnDed at outlet which is not
considered seriou•.

No problema with debris or depositioo.
within barrel. Scour hole has for-.ed
at end of apron at culvert outlet

State has constructed one side-tapered
and one slope-tapered inlet. Standard
being prepared for box culvert bevels.

Bevel s or rounded edges are not uaed.

Douglas Co~nty, US-H,
1.5 miles north of 48th
and HcKinley in ~ha

Douglas County, 1-680,
1.8) mile. west of
Mormon Bridse

1970

16' x 14' x 219'
RCB

!O' x 10' x 640'
RCB

Type 1,12' x 12' )( 219'
RCB - Bevel dimensions:
12-inch radius at bottom
6- inch radius at top
24-inch r,adius on sides

Type Ill, double bilrrel,
6' x 8' x 640' RCB

evel dimensions: •
12-inch bottom radius
-inch top radius

24-incn side radiiJs

96,324

$ 122,609

$ 60,854

S 92,856

S H,470

S ..:9, 7~)

)6.8

24.3

--------------------------- Use of beveled Or' rounded edges
on culvert entrancea i.s standard
design proced~re.

Douglas County, 1-680.
0.66 miles west of
Harmon Br idge

Harlan County, Ragal'l
Weat Highway, 7.7 miles
west of Ragan

Ka-rlal'l County, Ragan
Wut HistJway, 10.1 miln
west of Ragan

1970

1971

1971

6' x 0' x 642' RCB trYpe III, 4' x 5' x 642'
CB - Bevel dimensions:

12-inch bottom radius
- inch top radius
4-inch side radius

lC" )( 10' x 150' ReB Type t, 8' x 8' x 1.S0'
RCB - Bevel dilll,2nsions:
6- inch radius at top and
bottOlll. edge5.

8' x 8' x 173' RCB Type I, 6' x 7' x 17)'
RCB - Bevel dillW."nsions:
6-inch radius at top and
botte. edges.

50,762

15,544

15,513

$ 26,702

$ It,Sa

$ 10,510

S 22 ,060

3,722

$ 5,003

4).5

23. I}

32,3



SUlllI:\iJry of Impr",\'ct! Entrance field Sun'eoy (cont. J

State L,)cat ion
Dace

Constn:c(cd
~~

Conventional Improved Entrance
~o~ ~l~~~

Conventlonal Improved Entranc ."ll'If'unr --~ct'nta~e Perfonlllilnce Coaaents

Nebral!kA li,1.'T l,1.n Count)', Pag.n
~est Highway, 13.0
lIIilea lJeat of Ragan

19;1 Doubll' ~O' x 10' x Type 1. double 8' x 8' x
14'5' RCB 1':';)' RCB - Bf'vel ditnen

5ion5:
12-inch bottolll radiUS
6-inch top radius
24-inch side radius

S 18,356 S 5,'ll'"

~

__ c..H_
Surr)' County, 1-77 Not under 8' x 6' x 390' RCB Typ. III, S' x S' RC8 ..0,800 $ 22,000 $ L8,800 46W (propoaed) , 8 _i le5 weat con.truction Bevel dilDenaiona:: 1;1

I of Ht. A"y
~

O'l Rutherford County, liS-74, 1967 8' x S' x 16S' RCB Typ. Ill, S' x 4 ' x 16S' 6,920 4.290 $ 2,6)0 38a 0.1 mile
~" of State RCB Bevel dimensions:

Highway 2201 no bevels

Blinco=be County, I-40, 1970 Double 12' x 8' x Type III, double 8.5' x $ 304 ,000 $ 226,000 $ 78,000 2~. 7
" US-4O lnterchange 1,146' RCB " x 1.146' RCB

Bevel dimenaions: .....
Worth Dakota ----_._------------._-- ------------ --_._------------- ----------_._--------._- -----.------ -------_._----

Kimball County, 1-80, 1966 [Nuble " x 6' x
I,!' lIIilu east of 156' ReB
Wyoming-Nebraska state
boundary

Kimb.ll County, I-BO, 196b Double 8' x " x
0.9 Illiles e.st of 17)' ReB
Wyoming-Nebra.ka state
bOUldary

Dundy Count)', US-)4, 3 1968 " x " x 186' RC.
_ilea northellat of
C8 60 Q Rallroad at
northlJest corner of
Benkelman

Dundy County, US-)4, 1968 8' x " X 146' RCB
4,3 1II1les northeaat of
CB 60 Q R.ilroad at
nort.hlJeat corner 0'
Benkelman

New York ---------------------- Non>! reported -------------._--

Type I, single barrel,
12' x 9' x 156' ReB
Bevel dimensions:
6-inch top r.adius

Type I, single barrel,
10' x 9' x I;)' RCB
Bevel dimensions:
6-inch lOp r.dius

T'"/pe I. 6' x 7' x 186'
RCB, Bevel dimensions:
12-inch bottom radius
6-inch top r.dius
24-inch side radius

Type t, 6' x 7' x 146'
RCB, Bevel dilllensions:
12-inch bottom radius
6-inch top "Cadius
Z4-inch side radiu5

None reported

18,474 $ I 7 ,O~J8 ,,l,16 '.8 -------------------------- "0 unusual probleu reported,

18,821 $ 15,609 $ J,2l"! 17 .1 -------------------------- ditto

12,501 S 10,534 S 1,96] 15.7 -------------------------- ditto

10,917 $ 8.118 $ 2,8~9 2. ------------._------------ ---.._----_._---.------------------_.

Reported to be conaidering ule
of beveled or rounded edg•• for
box culvert entrance. aa a Itandard
practlce.

Ua. of rounded edg.a on all new
bo.. culvert de.lgns fa standard
practice.

Ohio SUlIII:lIh County, 1-271·6
(29) SUH-271-298, 1. 16
III 1 I es a('OUth of sa )03
interchange

Ross County, APD
460(10) ROS-21-13.12,
2,1 miles north r.f
U$-)5 6. US Z3.
Chill icolh~ Inrerct\ange

C1 ermont County
1-215-2(17)
CU:'275-6.68
C,IlZ ailes north of
SI(-)7 Interch.1nge •
Ci:lclnnati Outer Belt

Undl."r Double II' , ii' , DoUble 10' x 10' x 595' $ l5o,Ooo $308.000
cor.struc: ion 59S' RCB R08 Typ. III
~ 1971 , Bevel dllllensiun'·

l' 0" r.dius

Unde:!'" 1. x 12' x )0:" 12' x 12' X 364 ' RCB $ ~6).OOO $14),000
CC'n.Jtr:Jct.ion Rr.S OhlO De61g". Bevel
(1971, dit:len&iOl1s:

"
0" radi:ls

Under IS' x Ii' x Bj5' L?' x :i' x 835' RCB I~ 576,000 ~416 ,000
Consrn..:ctlon RCB C\hio o.!qgn, Bevel
(1971) dif!lE'nsio:u'

1:1, (I' ,.." ,.(~ 45°}

S 48.000

S ZO,CO(J

SlJO.OOC

13.4

i2.;·

17.3

11k lahoma

Clermcrlt C,:,unty
1-275-:'0'
CU>275-0.00,
J.b lillIe' north of
SR-28 on Ct.nclllnat i
Outer Belt

Under
Conarru{:t 10n

IS' x It' l( 6(){l'
RC8

12' 'C 11' l( 600' RCB
Ohio DIHllgn - BI/' ...·el

dimensiC'ns: None P.iV'!ll

S 344,000 $291,000

COf't d.llt unav.i! 'bit!

S >3,to{,": ,~.... -- ------------ _.. _- ._------
I

f· ··1·· .
I

~ounded top edges are provided on
culvert enlr.nce.· .. Ha.ndard practice.
Seve] ed edges a~e .e-t taea uaed but

t aa a standard pract ice.



• • •
SUlmIi:lry of llllprnv~,tl Entr.:Jnl'e Field Survey (cont.)

•
State

Oregon

Loclt 10n
~,. 1 ~

Conltrulted Conventional 1 Improved Enlrance

.1 I.
ApprOXlIMtely 40 bOJ[ ~'ulve-ns ..,ith beveled Inletl have
been constructed - _ny vere ext"nslonll of exi,tln.
inst~l1lations (techniC'al data Is not available). Culvert,
we-re designed usin.: f'tIIA bulletin•.

~It _~
Conv~nt ional Iliproved Entrance Amount Percentage PerfolWAnce

Do not uae dde-tapered or dop••
tapered mtraDC•• be:cau.ae of unfavorabl.
e.xpertmce with debris; however, tb.
hooded inlet i. uaed to lacr....
capacity of existing cuh'.rts. Con
crete collars for pipe culvert. have
proved uu.ful in i~rovinl the capacity
of an ext.ting culv.rt.

Pe:lnlylvanla

Rhode II land Kent County. 1-95.
0.25 1111 lit louth of
vi I hge of Nooseneck

19b8

19b9

10' I( 8' x 2,500'
RCB

Double barrel,
II' - 6" )( 8' I(

350' RCB

Type III,
7' I( 7' It 2,500' RCB

Type Ill. single barrel,
16' x 8' x 350' RCB

$ 152.770 $112,860

$100,000

$ 39,910 2.

South Carolina ----------- _ None ha\'e bee designed or built
Has u.ed bevehd edle. on cuivert
entrance. at •• lected .Hea.

S\)uth o.kot& La\Jrence County. 1-90.
4 Idles ealt of
Spearfhh

1971 8' )( 8' I( l80' RCB Type I, 6' )( 6' I( l80'
RCB

40.000 $ 32,500 $ 7,500 19 Standard desip practice ia to u••
.quar. edlU oa ill vertical
intertor walh and 1 1/2:1 bevel
eclae on top .lab.

Double 12' I( 6' J[ Type I, double 10' x S'
80' RCB X 80' ReB - Bevel

dimen,ions:
6"_1 112:1 top bevel

......
W
I......
0\......

T.....

Lawrence County, U.S.
Highway 14A tn
Deadwood

Pt'nnin~ton County
US 16. 5 1Il11es wut of
Rocker-ville

Coffee County, State
Hlghvay S5. .even at Iea
northult of lotersktio
of state hl&hwya 2 and
55 in Manchester.
Tenneslee

Knox County. Ealt Leg.
knoxville 'CBD loop.
0.09 aile south_at
of intersection of
Vine Avenue and Central
Street

Tarrant County..
1-820, in 1-820 -
US 81-287 interchange

1971

1967

1968

1971

Contract
let October
1970

84" 0lP
140' long

78" RCP
1,316' long

Triple barrel
Il' I( 14' I( 2,727'
ReB

54" RCP
200 I long

Type I. 48" OU',
140' long, Bevel
dimensions:
11/2:1

Type I, 54" Rep.
1.316' long"

Type I, double 12' It 12'
I( 2,727' RCB
Bevel dL_nsLons:
square-edged entrance

48" RCP, 200' long
Type V
Bevel dialensions:
beveis or rounded edges
not used.

14,680

75,140

1'),055

$1,24].556

4,000

$ 3,800

$ 40,660

$ 10,961

$761,617

$ 3,500

$ 9,880

$ 34,480

$ 4,094

481,939

500

72.2

45.9

27.2

38.7

12.5

-----------.---------~---- Orilinal 60" CJlP "..hed out in 1969.

---.------~.---------•• -.- No probl~ reported with debris or
depo.ition in the barrel; rock
ba.ket. have been provid.d at inlet
and out l.t to prevent .cour.

---------~-------~--------~ l.-proved inlet v •• selectad to incr....
dhcharse capacity of exiatia.a cuI••"
io.atatutioa.

Structure ju.t coepleted 
no record available.

Tarrant County,
1-20, cO{U\6I:tion B of
1-20- lIS287
interchange

field cMnge 66" RCP,
no. 5 oJpproved 1543' long
April 16, 1971

54" RCP, 1543' long
Type V
Bevel dimensions:
bevels or rounded edges
not used.

l8,OOO $ 30,000 $ 8,000 21

Utah 1.70, 4 1/2 _iles
vest of junction to
Kanksvllh

1·70, J 1/2 _iles vesc
of junct 10n to
Kanksv1l1e

---.--------- -------.----------- Type V, Utah design. .____ $ 58,000
8' I( 404' CHP
No bevel di-enslon given.

-.----------.------ Type V. Utah design. ---------.__ $ 34,000
No bevel dimension given.
6' )( 284' CHP



Sunnary of Improved Entrance fleld Survey (cont.1

State Locat ion
Da,.

COnstructed
~i~

Convt>nt ional Improved Entranc(> Ccnvent ional£?~Droved Entrance
~ns

Amount Percenta e Per-fortUnce C, "to

Utah US-91, 2 mlles north
of Cedar City

I ~69 ~--~---.- •• -.~--- Type IV. 9' x 6' x 156'
RCB - No bevel dimension
Kiven.

--------------------.------ No debria or depo81tion proble••
Also no scour problema.

12 mi les norch of
Creen River, E:nery
County

1-70, approxilll8tely 16
mt lea east of Sa I ina

1-70, approximately 20
lIlilea east of Salina

SR-.5, 7 miles wea[ of
He. CaT1Dei Junction

SR-l~, 6,5 miles ....est
of Ht, Carmel Junction

1968

19f8-1969

196)

196)

Double 14' x 9' RCB

I)' eMP

(~' CKP

Type I
Double RCB, 10' x 9' x 88'
No bevel diCllCnsion given.

Type V, 12' x 276' SPP
No bevel dimension given.

Type V, 9' x 270' SPP
No bevel information
given.

Type V, II' x ] 11' SPP
No bevel infonution
given.

Type V, 12'x441'SPP
No bevel lnformation
given.

42,900

"'IJI.208

J7,ooo

40,686

28,656

38,740

62,463

S 6.160

SI5,745

11..4

20. I

No debrh, aediment. or
probl-..

No debrh or scour problCllla.

No debr-h or scour proble-a.

----------------.--------- Slope 6. taper less than _io.i_
reca-ae.nded for Type V.

-------------.------------ Slope 6. taper less than Idni_
recm.ended for l'ype V.

1-70, approximately 17
miles east of SaUna

I-70, 113 mile ....est of
Whitehouse Interchange

11}1)8-1969

1969-1970

------------------ Type V, 12' x 33~' StoP
No bevel information
gtven.

--------.--------- Type I, Single 5' x 4'
x 526:_ itCB

No bevel information
given.

5],109 --+------- -------------------------- Slope: 6r taper Ie.. than ainiao
recoaaended for Type V.

---------- -----------------.-------.-- Slope 6. taper Ie.. than rec~ndad.

No debris or &caur problesa.

W
I......

())

N

Virginia

1-70, approximuely 15 1968-1969
milea ~.at of S.lina

Rockbridg~ County, Route Contract let
716 and 1-81, I !DUe 1-13-71
north of interchange
#53 (Route II and 81)
north of Lexington, Va.

---.-.---------.-- Type v, 80x to pipe Replacement .. Ne'o' inlet ..
9' x l)~' CHP $ 14,297 7,981

l)Quble 8' x 8' x Type III, double 6' :II 6.' 87,900 5~,600

409' ReB x 409' RCB Fa 11 • 3 feet
Bevel dimensions:

S 6,316

S J2.JOO

44.2

36.0

---.-----~----------------- Modification of exi.ting atructure.
Square to circular aection uaed,

Albelll4rle County, 1-64, Contract let
2.23 miles eut of 5-21-69
Albemarle-Nelson County
Line

10' x 10' x 662' RCB Type III, 8' x 8' x 662' S 187,1~0

modified for 125-ft. RCB - Bevel dimensions:
fills infonnatlon not submitted.

fa II = 2 feet

S lJ7,210 $ 47,940 2~. 6 ---------------------------- Debri. at entrance, dep08ition in
b.. rrel, and scour at outlet have not
been pToblems.

Albemarle County, 1-64, Contract let
3.32 miles east of • 5-21-69
Albelllilrie-Nelson Counry
Line

84" concrete pipt:, Type III, ~' x 5' x J07'
)07' long RCB - Bevel dilllensions:

information not submitted.
Fall = 2 feet

22,584 21,208 S I,Hb b.O foesign discharge has not been Debris raclt at culvert entrance; en....,.
xceeded; operation diasipator at outlet.

satisfactory.

Rockbridge County 1-81 1964-196~

five mi lei north of
Lexington at Rnute II
interchange

City of Lexington, Route 1954
11,0.1 mile north of
Maury Rivl"r

l)Quble b' x b' x
l.nO'RCB

Double 6' x 6' x
282' RCB

Single 7' x 7' x I,IJO'
RCB - Type I
Bevel di1llensions:
information not submitted

Single 7', x 6' x 282' RCB
Type 1
Bevel dimensions:
information not submitted

S 182,000 $ 140,000 S 42,000 2) atlsfactory No debris problClll at ent:nnce;
no depo8it ion in the barrel; no
evidence of scour at the outlet.

20,941 17,530 $ ),411 16 atisfactory, flow has not ditto
xceeded design discharge,

Washington -- •• -.-------.--._----- No llnproved
inlets lJere
report ed.

----.------.------- ------------------------- ------------ ----------.---- ---.-----.- ------.---- -------------+-------.-.--- Improved inlets for beut culverts have

tnever been uaed.

West Viqpnia No illlproved
entrances hav/:!
been construc
ted,

box culvert with an Im
provf"d entrance is pre
sently being designed.

eported that State has revised
standard culvert details to include

bevel on all culvert entrances.

Wllconsin ---~-------+---------.- No culverts with improved entrances have ever been bUilt.
------------ --------------- ----.----- -.--------- --------------------------- op slab at culvert entrances have

1 1/2: I bevel - this is standard
ractice.



• ,\ • •
SumtIlI:l"}' o! Improved EotTlIne" Field Survey (cont.)

.. loclIt Ion

I-SQ, Walcott Junction,
LarafD.~e Ro.ad

0., •

('on,;tructe<!

1968

!)esi"ll
Convt'nti.7lnal improved Entrance

Double 9' x 6' p.(.S Single 6' x 5' RCB
1. • 440'
Type r, No decaL} OT.

side beveh.
2" .. hamfer on top edge.

S!.5[ ~~
Conventional rnproved Entrance A!"'..ounc Pt-rcentagt'

S 20.000

Perfonunce Ca-ents

Barrels clear, stilling buin filled
\lith sediment. No debrh or acour
proble:as.

Region 15
rHWA

FAP-V. US-2b. D1Jy~r

Junction - LfnJlle Road

SR-120, Meeteet.e 
Cody Road

1968

1969

7' x 7' RCB

Triple 8' x 4' RCB

rypE, I, 7' x 7' RCB
L • a6'
No bevels shown

Type IV. Single
S' x 6' RCB
L - IOJ'
6" lOp bevel

22 ,400 $ It. ,800 $ 7,600 l4.0

ltas p•••ed flood greater thar
deaign, 1911. I' beiw top
at rc.d grade,
.., - I2'to 14'

Illlproved inlet used to provide &

factor of safety, No a1gnifica.nt
scour or sedimentatlon problea.. •
Side tapers Ie.. than lainl_. Ka.
top taper.

D/l2 radius h uaed on cdS" of all
pipe culverts, and a 6" radius 1_
used on all bO:ll culvert edges.

W
I.......
0)

W

TishOlDingo County, Hiss. 1968-1970
Hatchet Trace Pllrkway
atTlshomingo State Park
near interchange ... lth
Slate park road, west
end of bridge over
Bear Creek

S""ain County, ~l. C. Park 1968-1970
Service, Route 9, )
mi Ie. welc of 8tY80n
City. M.e.

6' x 6' x 8~0' RCB Type Ill, 4' x 4' x 850'
RCB • Bew'l dimensions:
I 1/2:1, 4" lOP bevel

la' x 8' x 162' RCB Type 111, 6' x 6' x 162'
RCB - Bevel dimensions:
1 1/2:1,4" top bevel

38,305 S 28,086 S 10,219 26.1 --._--------~._------------ Debris and scour at entrance and
exit have not been proble-t.
Structure designed u Type III but
built .. Type 1.

23,819 , 11,031 S 12,848 53.8 Del1Rn discharge has not No debris probleaa at inlet; deposition
been experienced. Operation within barrel ha. not occurred, Scour
h.s been a.li.hctory. at outlet baa not been a probl-.



Field Performance of Improved Inlets

In order to remain informed on the locations of culverts
with improved inlets and the benefits derived from this Cir~ular,

the following information is solicited from the user:

Location: State _____, 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
------,:::sq.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

Basis of estimate, 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



•
Please complete dimensions on sketch

a. Circle inlet edges that are beveled in sketch

b. Bevel dimensions _

..

B =
f --

L 2

B

D

(Box)
(Circular)

•
1_

AHWEl.

1
PLAN VIEW

•

FALL

H =
f

1

•

ELEVATION VIEW

Note: For side-tap,ered inlets where no FALL is incorporated into inlet,
wri te L

2
= N.A. and FALL = O •

13- 165
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APPENDIX D

Design Calculation Forms
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PROJECT: DESIGNER:
OUTLET CONTROL

DESIGN CALCULATIONS
STATION: DATE:

INITIAL DATA:

Q--_: cfs SKETCH
AHW EI.: ft.

So:
AHW EI.La : _____ft.

S7
EI. Outlet
Invert ___ ft. L-----, -- - ---
Stream Data: '-==- :~

~' ;7 First ApproxImatIon La~
Q'___ cfs,ke •___.Lo·___ ft EIOutiet

H' AHW EI.-EI. Outlet Invert- ho
Invert___

~ -+l--- . - - ,
Barrel Shape --- --- ---
and Metenal - Barrel n' ... A· ft.2 or D· ft.; Try

'" (I) (2) (3) (4) (5)
Q Q

~ COMMENTS
Q N H 'NB de 2 Qn TW ho HWo Va

Trial No __ , N· ___ • B: ,0=___ • ke : ---

-

Trial No. __ • N: ___ • B: . D: k
e
=___

Trial No ___ , N· ____ , B' . D: I ke =__-

I

~+-
i

Notes and Eauatlons: SELECTED DESIGN
(I) de cannot exceed D

(2) TW bosed on dn in natural channel. N: At Desilln Q:
or other downstream control.

B: ft.
(3) he:~- or TW. whichever is larger.

D: ft. HWo' ft.2

(4) HWo' H+ ho+ EI. Outlet Invert. ke= Vo= f-t

(5) Outlet Velocity (Vo>=Q/Areo defined by de
or TW. nof greater than D. Do not compute ~ 29n

2
• L;] V2

until control section is known . • H = I+ke+ RI.33 2ii

13-169
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PROJECT' DESIGNER:
CULVERT INLET CONTROL SECTION

DESIGN CALCULATIONS
STATION: DATE:

INITIAL DATA:

Q---= cfs

AHW EI." ft.
AHW El jWEI.50=--

14ALL ~
La= ___fl.

Q / ~
EI. Stream MBed at Face ___ ft.

FALL_~ ~
Borre I Shope N=E£--~--and Material Borreln"_ Inlet% S--.

.0.- 1 \ ---- Structure EI. Throat Invert
N= ___ • B= 2 S_

EI. Face Invert
TAPERED INLET

D=___ • NB03/2 =--- CONVENTIONAL or BEVELED THROAT CONTROL SECTION

(Pipe) ND~ •
INLET: FACE CONTROL SECTION (Lower Headings)

(Upper Headings)

DEFINITIONS OF INLET CONTROL SECTION

(I) (2) (3) (4) (5) Note: Use Upper Headings for
Q Ht EI. E!. Coventional 0< Beveled Face;

NB 0 Hf Face Stream
HWf Lower Headings for Tapered

Invert Bed Inlet Throat.

EI.
At
Face

~}2
Ht Throat COMMENTS

Q
0

Ht Invert FALL HWt S Vo

Trial No. ___ Inlet and Edge Description

~~~ ~
~~~ ~

Trial No.___ Inlet and Edge Description

~~~ ~
~~~ ~

Trial No.___ Inlet and Edge De scriptio n

.~~~ ~
~~~ ~

Notes and Eg1Jations: SELECTED 'DESIGN
(I) EI. Face (or throat) invert = AHW EI. - Hf (or fit)
(2) FALL= EI. Stream Bed at Face-EI. face (0< throat) invert Inlet Description:

(3.) HWf (or HWj}= Hf (or Ht)+E1. face (or throan FALL= ___ ft.

invert. where EI face (or throat) Invert EI.= ___ ft.

Invert shwld not exceed EI. stream bed. Bevels:

(4) S"'" So- FALL/La Angle " ___

(5) Oullet VelOCity =Q/Area defined by dn at S b=___ in.• d=___ ln.
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•
pROJECT' _

STATION:

SIDE-TAPERED INLET
DESIGN CALCULATIONS

DESlGNER' _

DATE:

50=--
Lo= ff.

,

•

INITIAL DATA
O__ s cfs

AHW EI. = ft.

TAPER = : I

Borrel Shape
and Material _

Face Edge
Description _

N=--. B=---ft. D=---f1.

(I)
Q

(2)

l:!!.. ~ 03-2 Min.

D Bt
EI.

Throat ~ 0 Min.
0 Invert E AfE'''l E

'
/2 Af Bf

Trial No.__ • 0= ___• HWf =___

(3) (4)

S

(5)

EI.
Face
Invert

Upper Headings for Box
CUlverts. Lower Headings for
Pipes

COMMENTS

Trial Na.__ • 0= . HW," _•
Trial No.__ •Q=---. HW,=---

•

Notes and Equations:

(I) Hf/D[or HI/E] - (HW,-EI. Throat Invert-I )/D[orEJ

05'E.51.1 D

(2) Min. 6f= I 0
(03 2 HO 18fD3/2)

o
Min.A,= (E 172 )(0 1 A ( 1/2 )

I

(3)LI~;NjTAPER

(4) From throat desiqn

(5) EI.Face Invert - E I.Throat Invert 0> I ft., recompute.
Face and Throat may be lowered to better fit site. but do not raise.

13- 171

SELECTED DESIGN

6f = ft.

LI= ft.

Bevels: Anglo! 0

d =__in., b=__in.

Crest Check:

HWe = ff.

He = f1.

Q/w s (Chart 17)

Min.W= ft.

_______________J



PROJECT: SLOPE- T.PERED INLET DESIGNER:

STATION: DESIGN CALCUL.TIONS DATE:

INITIAL DATA

j.l~ ~~
Q__ ' __cfs So • ___ I Ht SECTI

HI SECTION

AHW EL. __ ft. Lo ' ___ ft. So.. '1' ~ - .....S!l'1'~1 /

EI. Stream FALL ~ i FALL Sf ~t )-/ S-bed at .crest ___ ft. BEND , )---7 S_BEND
SECTION SECTION

EI. stream r-41 h-3bed at face ___ ft. WEIR CREST

Yi~~'~'TAPER =_: I (4:1 to 6: I) l r ",..r--1
~ T~R5f= __ :1 (2:1 to 3:1)

~ ~\ 1

Barrel Shape j I--:-J 4=J~,
and Material

IVl=-LIInlet Edge

Oescriptian _ SYMMETRICAL FLARE ll---
ANGLES FROM 15' TO 90'

,."___, 6,___It, 0"___11. VERTICAL MITERED

( I.) (2) (3.)
EI. EI. Min.

Ttl-oot Face HI Q
0:Y2 8f Comments

Q HWf Invert Invert Hf D Sf 0:Y2 Bt 5

8f D3t2 =
'--

- ~~ ~~~~0

~ ~~ ~~~~
Bf 03"? =

~~
--

~~~~
N

-
0

~

~~ ~~~~
Note: Use only throat designs with FALL >0.250

(I,) EI.fac8 invert:Vertical-Approx. stream bed elevation at face
Mitered' EI. Crest-yo where y: 0.40 (Approx.). bul hiOhef
than Ihroat invert elevation.

(2) Hf = HWf - EI. foee invert

(3) Min. 8f = Q

(D3/2)(Q / B 0 3 / 2 )
f

(4) (5,) (6) (7) (8) (9.) (10) (I L) (2) GEOMETRY

Min. Chec k Adj Adj .9- Max. Bt'_fI. L3=--ft.

L3 L4 L2 L2 L3 TAPER LI \Ii W ~ Crest LI~_fl. L4"_fl.
EI.

~"_ft d"__ in.

6"__ 1n.

TAPER=__:I

(4.) Min. L3=0.5NB (9,) If (6)>\7) AdjTAPER -(~r L3)/~2N~
(5.) 4=Sfy+0/Sf (Mitered only;

(lOKI' 4+ L.5 + L4
(6.) 4-(EI. race (Crest) Inverl-E1.

Throa Invert) 51- L4 (It) Mitered· W= NB +2~E~
(7)CheckL' B(NB TAPER-L3

(12) MOIl Crest EI.' HWr- He

t-NBJ(8.) If (7»(6). Adj. L3 2 TAPER- L 2

\
)
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