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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 vealid.

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 situaticns 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 Naticnal Bureau of
Standards (NBS) and resulted in seven progress reports (5, 6, 7,

8, 9, 10, 11) covering conventional culverts with a constant slope
and cross section as well as inlet modifications to improve flow
characteristics at the culvert entrance. Culvert flow capacity
was found to be limited either by the culvert entrance conditions
or by barrel resistance. The former was designated "inlet control"
and the latter "outlet control." When a culvert 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. 10,
""Capacity Charts for the Hydraulic Design of Highway Culverts,"

(13) incorporate results of the conventional culvert research and
present design methods for these culverts in both inlet and outlet
control. These Circulars are in common use throughout the United
States and HEC No. 5 has been translated into several foreign
languages, including Spanish, French, and Norwegian. Design methods
presented herein are an extension of methods and information presented
in HEC No. 5. A thorough understanding of culvert design principles
contained in that Circular is necessary to an understanding of methods
presented in this Circular.
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This Circular incorporates the results of the NBS research
on improved inlets into a new culvert design procedure. The
research demonstrated that improved inlets, with their more
efficient flow characteristics and better utilization of
available head, may greatly improve the performance of culverts
operating in inlet control. Use of the design procedure of
Section VI will result in the inlet design and barrel size
most appropriate for a given combination of site characteristics.

While many improved inlet configurations were tested in
the research, only those determined to best satisfy the criteria
of hydraulic efficiency, economy of materials, simplicity of
construction, and minimization of maintenance problems are
presented. For example, while the use of curved surfaces rather
than plane surfaces might result ip 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 1s not warranted.
For instance, approach velocity is neglected, as are possible negative
pressures within the culvert barrel, both of which would result in
lower headwater requirements to pass a given discharge.

If inlet control governs, 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 discussion of the types of improved inlets
suggested with definitions of the terms used, and design procedures
for box and pipe culverts with improved entrances will be presented.

13-3




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 fiow 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
contraction 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

o The improvements presented in this Circular are inlet geometry
refinements beyond those normally used in conventional culvert
design practice, such as those discussed.above. Several degrees

of improvements are presented, including bevel-edged, side-tapered,
and slope-tapered inlets.
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Bevel-Edged Inlets

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

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

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

As a minimum, bevels should be used on all culverts which
operate in inlet control, both conventional and improved inlet
types. The exception to this is circular concrete pipes where the
socket end performs much the same as a beveled edge. Examples of
bevels used in conjunction with other improved inlets are shown
in Figures5 and 6. Culverts flowing in outlet control 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 tapering the sidewalls. The
inlet face has the same height as the barrel, and its top and bottom
are extensions of the top and bottom of the barrel. The intersection
of the sidewall tapers and barrel is defined as the throat section.

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

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

Slope-Tapered Inlets

A slope-tapered inlet is the third degree of improvement. Its
advantage over the side-tapered inlet without a depression is that
more head is available at the control (throat) section. This is
accomplished by incorporating a FALL in the enclosed entrarmce
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 of 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 ve - 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 1ife 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 90° wingwall
with a square-edged inlet, a 1.5:1 bevel-edged inlet, a side-tapered
inlet , and a slope-tapered inlet with minimum FALL, respectively.
Curves 5 and 6 are outlet control curves. Curve 5 is for the square-
edged inlet and curve 6 is for the other three inlet types. As
previously discussed, curves 5 and 6 show that improved entrances can
increase the performance of a culvert operating in outlet control, but
the improvement is not as great as for culverts operating in inlet
control, as demonstrated by curves 1 through 4.
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Tables A and B compare the inlet control performance of the
different inlet types. Table A shows the increase in discharge
that is possible for a headwater depth of 8 feet. The bevel-
edged inlet, side-tapered inlet and slope-tapered inlet show
increases in discharge over the square-edged inlet of 16.7 , 30.4
and 55.6 percent , respectively. It should be noted that the
slope-tapered inlet incorporates only the minimum FALL of D/4.
Greater increases in capacity are often possible if a larger FALL
is used.

TABLE A

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

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

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

In improved inlet design, the inverts of the face sections
for the different types of improved inlets fall at various 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.

13-18



III. Box Culvert Improved Inlet Design

Bevel-Edged Inlets

Four inlet control charts for culverts with beveled edges
are included in this Circular: Chart 8 for 90° headwalls (same
as 90° wingwalls), Chart 9 for skewed headwalls, Chart 10 for
wingwalls with flare angles of 18 to 45 degrees, and Chart 13
for circular pipe culverts with beveled rings. Instructions
for the use of nomographs are given in HEC No. 5. Note that
Charts 8 through 10 apply only to bevels having either a 33°
angle (1.5:1) or a 45° angle (1:1). For example, the minimum bevel
dimension for an 8 ft. x 6 ft. box culvert designed using Chart 8
for a 1:1 bevel, or 45° 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

results from culvert models with barrel width, B, to depth, D,
ratios of from 0.5:1 to 2:1.

Multibarrel Installations

For installations with more than one barrel, the nomographs
are used in the same manner as for a single barrel, except that
the bevels must be sized on the basis of the total clear opening
rather than on individual barrel size. For exawple, 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 width. For these struc-
tures , it is recommended that the side bevel be sized in proportion
to the total clear width , B, or three times the height , whichever
is smaller. The top bevel dimension should always be based on the
culvert height. Until further research information becomes
available , the design charts in this Circular may be used to
estimate the hydraulic performance of these installations.
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The shape of the upstream edge of the intermediate walls of
multibarrel installations is not as important to the hydraulic
performance of a culvert as the edge condition of the top and
sides. Therefore, the edges of these walls may be square, rounded
with a radius of one-half their thickness, chamfered, or beveled.
The intermediate walls may also project from the face and slope
downward to the channel bottom to act as debris fins as suggested
in HEC No. 9 (15).

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

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

Side-Tapered Inlets

Description

The selected configurations of the side-tapered inlet are
shown in Figure 9. The barrel and face heights are the same except
for the addition ~f a top bevel at the face. Therefore, the
enlarged area is obtained by making the face wider than the barrel
and providing a tapered sidewall transition from the face to the
barrel. Side taper ratios may range from 6:1 to 4:1. The 4:1
taper is recommended as it results 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 with 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, H./D
plotted against Q/BD3/2. The term, Q/BD3/2, is not truly dimension-
less, but is a convenient parameter and can be made non-dimensional
by dividing bg the square root of gravitational acceleration, gl/z.
A table of BD /2 values is contained in Section VIII.

Face Control

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

‘ (1) wingwall flares of 15° to 26° and a 1:1 top edge bevel,
and

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

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

(1) wingwall flares of 26° to 45° with a 1:1 top edge bevel,
or

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

. Note that undesirable design features, such as wingwall
flare angles less than 15°, or 26° without a top bevel, are 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 i1llustrated in Figures 9 and 10, the depression
may be constructed in various ways, as an extension of the wing-
walls, or by a paved depression similar to that used with side-
tapered pipe culvert inlets, shown in Figure 16. The only require-
ments are: the plane of the invert of the barrel be extended
upstream from the inlet face a minimum distance of D/2, to provide
a smooth flow transition into the inlet; and, the crest be long
enough to avoid undesirably high headwater from crest control at
design discharges. Chart 17 may be used for checking crest
control if the fall slope is between 2:1 to 3:1. The length of
the crest, W, may be approximated, neglecting flow over the sides
of sloping wingwalls. This provides a conservative answer.

Performance Curves

Figure 12 illustrates the design use of performance curves
and shows how the side-tapered inlet can reduce the barrel size
required for a given discharge. (The detailed 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 performarce 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 thrca: and face control curves. The outlet
control curve was also computed, but falls outside of the limits
of the figure. This indicates that further increases in capacity
or reduction in headwater are possible. Face control governs to
a discharge of 375 cfs, and throat control for larger discharges.
Thus, the barrel dimensions (throat size) control the designs at
high discharges, which should always be the case. In this example,
the size of the culvert was reduced from a double 7 ft. x 6 ft.
box to a double 6 ft. x 5 ft. for the same allowable headwater.
Use of an upstream FALL would reduce the barrel size still further
to a size comparable to that required with a slope-tapered inlet.

Double Barrel Design

As shown in the above example, double barrel structures may
be designed with improved inlets. The face is proportioned
on the basis of the total clear width as described for bevels.
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Figure 12
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The center wall is extended to the face section with either a
square, rounded, chamfered, or beveled edge treatment. A side-
wall taper of from 4:1 to 6:1 may be used.

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

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

Slope-Tapered Inlets

The inlets shown in Figure 13 are variations of the slope-
tapered inlet and provide additional improvements in hydraulic
performance by increasing the head on the control section. The
difference between the two types of slope-tapered inlets lies in
the face section placement. One type has a vertical face configura-
tion and the other a mitered face. The face capacity of the latter
type is not based on its physical face section, but on a section
perpendicular to the fall slope intersecting the upper edge
of- the opening. This is 1llustrated by the dashed line in
Figure 13.

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

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

Throat Control

As with side-tapered inlets, throat control performance
should usually govern in design since the major cost is in
the construction of the barrel. Chart 14 is the throat control
design curve for both slope-tapered inlets. By entering Chart 14
with a computed value for Q/BD3/2, H¢ can be determined from
the value EE .
D
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Face Control

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

Crest Control

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

Design Limitations

In the design of slope-tapered inlets, the following limitations
are necessary to insure that the design curves provided will always
be applicable. If these limitations are not 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 available. Do not interpolate between Charts 15
and 16.

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

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

L3 must be a minimum of 0.5B measured at the soffit or
inside top of the.culvert. Larger values may be used, but
smaller ones will cause the area provided for the bend to
be so reduced that the bend section will control rather
than the throat section. Do not use an L3 value less
than 0.5B.
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Performance Curves

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

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

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

The face width, as determined from Chart 16, is the total
clear face width. The center wall width must be added to the

value found from Chart 16 in order to size the face correctly.

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

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

Bevel-Edged Inlets

Design charts for conventional pipe culverts with different
entrance edge conditions are contained in Section VII. Instruc-
tions for use of these charts are contained in HEC 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 installations 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 shown in Figure 15 is
comparable to the side-tapered box culvert inlet. The face area
is larger than the barrel area and may be in the shape of an oval,
as shown in Figure 15, a circle, a circular segment, or a pipe-
arch. The only limitations on face shape are that the vertical
face dimension, E, be equal to or greater than D and equal to or
less than 1.1D and that only the above face shapes be used with
inlets designed using Chart 1%. Rectangular faces may be used in
a manner similar to that described for the side- and slope-tapered
inlet. The side taper should range from 4:1 to 6:1.

13-33




Figure 15
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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, throat control should govern in the
design of all improved inlets. Throat control design curves for
side-tapered inlets are presented in Chart 18. Note that this
chart contains two throat control design curves while the box
culvert charts have only one. One curve is for entrances termed
"smooth," such as those built of concrete or smooth metal, and the
other is for "rough' inlets, such as those built of corrugated
metal. The need for two curves results from different roughness

j 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 inlets with pipe-arch or oval barrels.

Face Control

Face control curves for the side-tapered pipe culvert inlet
are presented in Chart 19. The three curves on this chart are for:
the thin-edged projecting 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 tc 1.1D, as the equations used in developing the
- curves do not vary within this range of E.

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

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

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

It may be advantageous for adjacent States with similar
topographic condicions 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 bottom from the crest to a point a minimum
distance of D/2 upstream of the face invert, and on line with the
barrel invert. Chart 17 should be used to assure that the weir
crest is long 2nough to avoild crest control.

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

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

(2) the minimum width, Wp, of the depression should be
Bf + T or 4T, whichever 1s larger;

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

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

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

Rectangular Side-Tapered Inlets
for Pipe Culverts

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

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

or precast in two sections or the rectangular side-tapered inlet
may be used as a bid or design alternate. Information for deter-
mining throat and face control performance is pfovided in Charts 18
and 15, respectively.
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Figure 17
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Design Limitations

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

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

2. The transition from the square throat section to
the circular throat section must be no shorter than
one half the 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 circular culverts using
slope-tapered improved inlets can be performed the same as for
box culverts, except that the center wall must be flared in order
to provide adequate space between the pipes for proper compaction
of the backfill. 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 structure using the design
methods of this Circular.

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

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

Highway Safety Aspects of Improved Inlets

Improved culvert inlets should not be a greater hazard to
motorists than conventional culvert inlets. In both cases, the
inlets should be located a sufficient distance from the pavement
S0 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. 3

Hydrologic Estimates

The design discharge for a culvert is an estimate, usually
made with scme 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 any one given
year. Or, a structure with a 25-year life expectancy designed
for the 50-year flood has a 40 percent chance of experiencing
a higher flood during its 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 maximum permissible elevation of the headwater pool of
the culvert at the design discharge 1s termed the Allowable
Headwater Elevation. This elevation must be selected by the
designer based on his evaluation of many factors, all of which
should be well documented. These include highway elevations,
upstream development and land use, feature elevations, historical
high water marks, importance of the highway, and damage risks.
Possible loss of life and property, and traffic delay and
interruption should be considered in the damage risk analysis.

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

\
Drift and Debris

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

As with conventional culvert design, if tEe drainage basin
will contribute a large amount of drift and debris, 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 column may be
placed in the center of the inlet face. Any material passing
the face section should then easily clear the culvert throat.

A survey of improved inlet usage in the United States was
conducted for this publication (14), and comments on debris
problems were specifically requested. Reports on 75 installa-
tions were received, and no problems with debrTs 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 = 149 ,p2/3c1/2
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 or greater than
the height of the culvert or when critical depth is greater
than the height of the culvert,

In the field survey, 8 of the 75 improved inlet 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, it is reasonable
to assume that conventional culverts at these sites would also
have required outlet protection against scour.

Orientation with Stream

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

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

Culvert Cost

The total cost of various alternatives should be considered
in the final culvert selection. For instance, a slope-tapered
installation or a side-tapered inlet with a depression will
probably require more excavation than a culvert 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 barrel size of the
slope-tapered culvert may be smaller. ‘

Culvert Length

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.

As previously mentioned, the culvert barrTl cost usually
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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 trial-and-error procedure
because the length of the barrel cannot be accurately determined
until the size is known, and the size cannot be precisely
determined until the length is known. In most cases, however,

a reasonable estimate of length will be accurate enough to
determine the culvert size.
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Fioure 18
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The culvert length is approximately 2SgD shorter than the
distance between the points defined by the intersections of
the embankment slopes and the stream bed, where Se is the embank-
ment slope, and D is the culvert height. The inlet invert
elevation will be approximately SpSeD lower than the upstream
point of intersection and the outlet invert elevation is approx-
imately SpSeD higher than the downstream point of intersection,
where Sy 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
used to define the flow rate, the available data on which it is
based, etc.

Step 3. Perform OQutlet Control Calculations and Select Culvert

(Charts 1 through 6)

These calculations are performed before inlet control
calculations in order to select the smallest feasible barrel
which can be used without the required headwater elevation in
outlet control (HWy) exceeding the allowable headwater eleva-
tion (AHW E1.). For use in this procedure, the equation for
headwater is in terms of elevation.

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

When the barrel size is increased, the outlet control curve
is shifted to the right, indicating a higher capacity for a given
head. Also, it may be generally stated that increased barrel
size will flatten the slope of the outlet control curve, although
this must be checked.
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design criteria.

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

However, that curve may be very steep (rapidly

increasing headwater requirements for discharges higher than
design) or use of such a small barrel may not be practical.

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

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

c) Plot outlet control performance curves for trial

culvert sizes.

d) Select culvert barrel size, shape and material.

This selection should not be based solely on calculations
which indicate that the required headwater at the design dis-
charge is near the AHW El., but should also be based on outlet
velocity as affected by material selection, the designer's
evaluation of site characteristics, and the possible conse-
quences of a flood occurrence in excess of the estimated

design flood.

A sharply rising outlet control performance

curve may be sufficient reason to select a culvert of
different size, shape or material.

Figure 19
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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 E1. - El. Outlet Invert - h0

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

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

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

size and more precise sizing will follow rapidly.

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

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

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

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

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

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

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

£)

g)

h)

i)

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

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

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

HW¢ = Hf + E1. face invert.

Plot the inlet control performance curve with the
outlet control performance curve plotted in

Step 3.

Proceed to Step 6.

Figure 20
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Step 5. Perform Throat Control Calculations for Side- and

Slope-Tapered Inlets (Charts 14 or 18)

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

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

b) Determine required throat elevation to pass design
discharge by subtracting 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 HW¢. If
HW¢ is lower than HWy, 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.

13-53




1 -
Figure 21 _A-
C\),/
AHW EL. - o
-
-
/’ /
//// //
P4 G ,/
S~ NE B
= cuR =
N 1~
n -7 cuf
-
& g — =
o 1
R curY — — — INLET CONTROL
= |WATER SURFACE _.~—
O |ELEVATIONS IN . __‘ OUTLET CONTROL
& |NATURAL o (Ke = 0.2)
T |STREAM 5
»n
a
OPTIMIZATION OF
PERFORMANCE IN
HROAT CONTROL
DISCHARGE

Some possibilities are illustrated in Figure 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 flood in excess
of design Q before performance is governed by %utlet control.
This performance is adequate in many locations, including
those locations where headwaters in excess of the AHW El.
would be tolerable on the rare occasion of floods 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 E1. 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 combination of
the two. Additional inlet improvement and/or FALL will
not increase the capacity at or above the AHW El.

There may be reason to pass the design fl@w at the

lowest possible headwater elevation even though the reasons
are insufficient to cause the AHW El. 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) Estimate and compare the costs incurred for FALLS
(structural excavation and additional culvert
length) to achieve various levels of inlet
performance,

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

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

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




Step 7. Design Side- and/or Slope-Tapered

Inlet (Charts 15,

16, 17, and 19)

Either a side- or slope-tapered inlet
if a FALL is required on the throat by use
(FALL) upstream of the face of a side-tape:
in the inlet of a slope-tapered inlet,

The face of the side- or the slope-taj
be designed to be compatible with the thro:
defined in Step 6. The basic principles o
face design are illustrated in Figure 22.

design may be used
of a depression
red inlet or a FALL

pered inlet should
at performance
f selecting the

Figure 22
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The minimum face design is one whose
does not exceed the AHW El1, 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 El1., (2) at design Q, (3) at its i
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the outlet control curve, or (4) other. These options are
illustrated in Figure 22 by points a through e representing
the intersections of face control performance curves with
the throat control performance curves. The options are
explained as follows: (1) Intersection of face and throat
control performance curves at the AHW El. (Point a or b):
For the minimum acceptable throat control performance (Curve
A), this is the minimum face size that can be used without
the required headwater elevation (HWg) exceeding the AHW 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’ives 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.

Flgure 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

Side-Tapered Slope-Tapered

Point FALL Bg x Lq(Ft.) By x Lq(Ft)

a 35 12.0 x 8.0 13.5 x 11.0

0 | b 8.0 17.0 x 20.0
& c 8.0 27.5 x 39.0
d 10.0 52.5 x 89.0

e 9.0 22.5 x 29.0
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Face dimensions and inlet length increase for the
slope-tapered inlet as the capacity of the culvert is
increased by additional FALL on the throat. No additional
head is created for the face by placing additional FALL
on the throat. On the other hand, use of a greater FALL
at the throat of a culvert with a slope-tapered inlet does
not increase culvert length.

The steps followed in the tapered inlet designs are:

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

c) For slope-tapered inlets with mitered face, check
for crest control.

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

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

From the above, it is apparent that in order to optimize
culvert design, performance curves are an integral part of
the design procedure. At many culvert sites, designers have
valid reasons for providing a safety factor in designs.
These reasons include uncertainty in the design discharge
estimate, potentially disastrous results in property damage
or damage to the highway from headwater elevations which
exceed the allowable, the potential for development 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
estimate may be relatively good, there is a chance that the
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design frequency event will be exceeded during the life of the
project. Department files should reflect the basis of the
design flood estimate, the designer's evaluation of the goodness
of the estimate, the consideration given to consequences of

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

the performance of highway culverts after large floods, or,

in the event of failure, in identifying contributing factors.

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

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

Documentation should be kept in the departient's
permanent records so that the performance of the designs
they represent can be used as a foundation for better designs
in the future.
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