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Introduction

Go to Chapter 2

A. General

The purpose of this publication is to provide information for the planning and hydraulic design of
highway culverts and inlet improvements for culverts. (Figure I-1) Design methods are included

for special shapes including long-span culverts.(Figure [-2) Detailed information is provided on

the routing of flow through culverts. Guidance and reference sources are furnished for
environmental, safety, structural, economic, and other consideration.

Figure I-1--Typical Concrete Pipe Culvert

The check lists, design charts and tables, and calculation forms of this publication should
provide the designer with the necessary tools to perform culvert designs ranging from the most
basic culverts to more complex improved inlet designs. Figure I-3 is a flowchart of the culvert

design procedure followed in this manual.

The methodology of culvert design presented in this publication is in a clear, usable format. It is
intended for those with a good understanding of basic hydrologic and hydraulic methods and



with some experience in the design of hydraulic structures. The experienced designer is
assumed to be able to understand the variety of flow conditions which are possible in these
complex hydraulic structures and make appropriate adjustments. The inexperienced designer
and those unfamiliar with hydraulic phenomena should use this publication with caution.

This publication combines the information and methodology contained in Hydraulic Engineering
Circular HEC Number 5, Hydraulic Charts for the Selection of Highway Culverts, HEC Number

10, Capacity Charts for the Hydraulic Design of Highway Culverts, and HEC Number 13,
Hydraulic Design of Improved Inlets for Culverts with other more recent culvert information

developed by governmental agencies, universities, and culvert manufacturers to produce a
comprehensive culvert design publication. (1,2,3)
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Figure I-3--Culvert Design Procedure Flowchart

B. Overview of Culverts

A culvert is a hydraulically short conduit which conveys stream flow through a roadway
embankment or past some other type of flow obstruction. Culverts are constructed from a
variety of materials and are available in many different shapes and configurations. Culvert
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selection factors include roadway profiles, channel characteristics, flood damage evaluations,
construction and maintenance costs, and estimates of service life.

1. Shapes

Numerous cross-sectional shapes are available. The most commonly used shapes,
depicted in Figure I-4, include circular, box (rectangular), elliptical, pipe-arch, and
arch. The shape selection is based on the cost of construction, the limitation on
upstream water surface elevation, roadway embankment height, and hydraulic
performance.

2. Materials

The selection of a culvert material may depend upon structural strength, hydraulic
roughness, durability, and corrosion and abrasion resistance. The three most
common culvert materials are concrete (reinforced and nonreinforced), corrugated
aluminum, and corrugated steel. Culverts may also be lined with other materials to
inhibit corrosion and abrasion, or to reduce hydraulic resistance. For example,
corrugated metal culverts may be lined with asphaltic concrete. A concrete box
culvert and a corrugated metal arch culvert are depicted in Figure I-5 and Figure |-6

respectively.

3. Inlets

A multitude of different inlet configurations are utilized on culvert barrels. These
include both prefabricated and constructed-in-place installations. Commonly used
inlet configurations include projecting culvert barrels, cast-in-place concrete
headwalls, precast or prefabricated end sections, and culvert ends mitered to
conform to the fill slope.(Figure I-7) Structural stability, aesthetics, erosion control,

and fill retention are considerations in the selection of various inlet configurations.
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Figure I-4--Commonly Used Culvert Shapes

Figure I-5--Precast Concrete Box Culvert (American Concrete Pipe
Association)

The hydraulic capacity of a culvert may be improved by appropriate inlet selection.
Since the natural channel is usually wider than the culvert barrel, the culvert inlet
edge represents a flow contraction and may be the primary flow control. The
provision of a more gradual flow transition will lessen the energy loss and thus
create a more hydraulically efficient inlet condition. (Figure 1-8) Beveled edges are
therefore more efficient than square edges. Side-tapered and slope-tapered inlets,
commonly referred to as improved inlets, further reduce the flow contraction.
Depressed inlets, such as slope-tapered inlets, increase the effective head on the
flow control section, thereby further increasing the culvert efficiency. Figure I-9 and

Figure 1-10 depict a side-tapered and a slope-tapered inlet respectively.




C. Culvert Hydraulics

A complete theoretical analysis of the hydraulics of a particular culvert installation is
time-consuming and difficult. Flow conditions vary from culvert to culvert and they also vary
over time for any given culvert. The barrel of the culvert may flow full or partly full depending
upon upstream and downstream conditions, barrel characteristics, and inlet geometry.

o T

< 2

Figure I-6--Corrugated Metal Arch Culvert (ARMCO)

Research by the National Bureau of Standards (NBS) sponsored and supported by the Federal
Highway Administration (FHWA), formerly the Bureau of Public Roads (BPR), began in the
early 1950's and resulted in a series of seven reports. (see references 4, 5, 6, 7, 8, 9, and 10)
These reports provided a comprehensive analysis of culvert hydraulics under various flow
conditions. These data were used by the BPR staff to develop culvert design aids, called
nomographs. These nomographs are the basis of the culvert design procedures in HEC No. 5,

HEC No. 13, and this publication.

The approach presented in HEC No. 5 is to analyze a culvert for various types of flow control
and then design for the control which produces the minimum performance. Designing for
minimum performance- ignores transient conditions which might result in periods of better
performance. The benefits of designing for minimum performance are ease of design and
assurance of adequate performance under the least favorable hydraulic conditions.
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1. Flow Conditions

A culvert barrel may flow full over all of its length or partly full. Full flow in a culvert
barrel is rare. Generally, at least part of the barrel flows partly full. A water surface
profile calculation is the only way to accurately determine how much of the barrel
flows full.

a. Full Flow. The hydraulic condition in a culvert flowing full is called
pressure flow. If the cross-sectional area of the culvert in pressure flow
were increased, the flow area would expand. One condition which can
create pressure flow in a culvert is the back pressure caused by a high
downstream water surface elevation. A high upstream water surface
elevation may also produce full flow.(Figure I-11) Regardless of the
cause, the capacity of a culvert operating under pressure flow is
affected by upstream and downstream conditions and by the hydraulic
characteristics of the culvert.

Figure I-7--Four Standard Inlet Types (schematic)

b. Partly Full (Free Surface) Flow. Free surface flow or open channel
flow may be categorized as subcritical, critical, or supercritical. A




determination of the appropriate flow regime is accomplished by
evaluating the dimensionless number, F, , called the Froude number:

Fr = VI(gyn)©>

In this equation, V is the average velocity of flow, g is the gravitational
acceleration, and yh is the hydraulic depth. The hydraulic depth is
calculated by dividing the cross-sectional flow area by the width of the
free water surface. When F, > 1.0, the flow is supercritical and is

characterized as swift. When F, < 1.0, the flow is subcritical and
characterized as smooth and tranquil. If F, = 1.0, the flow is said to be
critical.
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Figure I-8--Entrance Contraction (schematic)
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Figure I-10--Slope-Tapered Inlet

Figure I1-11--Culvert Flowing Full (no tailwater at outlet end)

The three flow regimes are illustrated in the depiction of a small dam in
Figure 1-12. Subcritical flow occurs upstream of the dam crest where the
water is deep and the velocity is low. Supercritical flow occurs
downstream of the dam crest where the water is shallow and the
velocity is high. Critical flow occurs at the dam crest and represents the
dividing point between the subcritical and supercritical flow regimes.

To analyze free surface flow conditions, a point of known depth and flow
(control section) must first be identified. A definable relationship exists
between critical depth and critical flow at the dam crest, making it a
convenient control section.

Identification of subcritical or supercritical flow is required to continue
the analysis of free surface flow conditions. The example using the dam
of Figure 1-12 depicts both flow regimes. Subcritical flow characteristics,
such as depth and velocity, can be affected by downstream
disturbances or restrictions. For example, if an obstruction is placed on
the dam crest (control section), the water level upstream will rise. In the
supercritical flow regime, flow characteristics are not affected by
downstream disturbances. For example, an obstruction placed at the
toe of the dam does not affect upstream water levels.

The same type of flow illustrated by the small dam may occur in a steep
culvert flowing partly full. (Figure 1-13) In this situation, critical depth
would occur at the culvert inlet, subcritical flow could exist in the
upstream channel, and supercritical flow would exist in the culvert
barrel.

A special type of free surface flow is called "just-full flow." This is a
special condition where a pipe flows full with no pressure. The water
surface just touches the crown of the pipe. The analysis of this type of
flow is the same as for free surface flow.




2. Types of Flow Control

Inlet and outlet control are the two basic types of flow control defined in the
research conducted by the NBS and the BPR. The basis for the classification
system was the location of the control section. The characterization of pressure,
subcritical, and supercritical flow regimes played an important role in determining
the location of the control section and thus the type of control. The hydraulic
capacity of a culvert depends upon a different combination of factors for each type
of control.

a. Inlet Control. Inlet control occurs when the culvert barrel is capable of
conveying more flow than the inlet will accept. The control section of a
culvert operating under inlet control is located just inside the entrance.
Critical depth occurs at or near this location, and the flow regime
immediately downstream is supercritical. Figure 1-13 shows one typical
inlet control flow condition. Hydraulic characteristics downstream of the
inlet control section do not affect the culvert capacity. The upstream
water surface elevation and the inlet geometry represent the major flow
controls. The inlet geometry includes the barrel shape, cross-sectional
area, and the inlet edge.(Table 1)
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Figure I-12--Flow Over a Small Dam (schematic)
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b. Outlet Control. Outlet control flow occurs when the culvert
barrel is not capable of conveying as much flow as the inlet
opening will accept. The control section for outlet control
flow in a culvert is located at the barrel exit or further
downstream. Either subcritical or pressure flow exists in the
culvert barrel under these conditions. Figure I-14 shows two
typical outlet control flow conditions. All of the geometric and
hydraulic characteristics of the culvert play a role in
determining its capacity. These characteristics include all of
the factors governing inlet control, the water surface
elevation at the outlet, and the slope, length, and hydraulic
roughness of the culvert barrel. (Table 1)
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Figure I-14--Typical Outlet Control Flow Conditions

3. Headwater

Energy is required to force flow through a culvert. This energy takes the form of an
increased water surface elevation on the upstream side of the culvert. The depth of
the upstream water surface measured from the invert at the culvert entrance is
generally referred to as headwater depth. (Figure 1-13 and Figure 1-14)

A considerable volume of water may be ponded upstream of a culvert installation
under high fills or in areas with flat ground slopes. The pond which is created may
attenuate flood peaks under such conditions. This peak discharge attenuation may
justify a reduction in the required culvert size.

4. Tailwater

Tailwater is defined as the depth of water downstream of the culvert measured from
the outlet invert. (Figure 1-14) It is an important factor in determining culvert capacity
under outlet control conditions. Tailwater may be caused by an obstruction in the
downstream channel or by the hydraulic resistance of the channel. In either case,
backwater calculations from the downstream control point are required to precisely
define tailwater. When appropriate, normal depth approximations may be used
instead of backwater calculations.

5. Outlet Velocity

Since a culvert usually constricts the available channel area, flow velocities in the
culvert are likely to be higher than in the channel. These increased velocities can
cause streambed scour and bank erosion in the vicinity of the culvert outlet. Minor
problems can occasionally be avoided by increasing the barrel roughness. Energy
dissipaters and outlet protection devices are sometimes required to avoid excessive
scour at the culvert outlet. When a culvert is operating under inlet control and the
culvert barrel is not operating at capacity, it is often beneficial to flatten the barrel
slope or add a roughened section to reduce outlet velocities.

Table 1. Factors Influencing Culvert Performance

FACTOR Inlet Control Outlet Control




Headwater Elevation

Inlet Area
Inlet Edge Configuration

X XX X

Inlet Shape

Barrel Roughness
Barrel Area
Barrel Shape
Barrel Length
Barrel Slope *

X XXXXX X XX X

Tailwater Elevation

|*Barre| slope affects inlet control performance to a small degree, but may be neglected.

6. Performance Curves

A performance curve is a plot of headwater depth or elevation versus flow rate. The
resulting graphical depiction of culvert operation is useful in evaluating the hydraulic
capacity of a culvert for various headwaters. Among its uses, the performance
curve displays the consequences of higher flow rates at the site and the benefits of
inlet improvements.

In developing a culvert performance curve, both inlet and outlet control curves must
be plotted. This is necessary because the dominant control at a given headwater is
hard to predict. Also, control may shift from the inlet to the outlet, or vice-versa over
a range of flow rates. Figure |-15 illustrates a typical culvert performance curve. At
the design headwater, the culvert operates under inlet control. With inlet
improvement the culvert performance can be increased to take better advantage of
the culvert barrel capacity.
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Figure I-15--Culvert Performance Curve

D. Economics

The hydraulic design of a culvert installation always includes an economic evaluation. A wide
spectrum of flood flows with associated probabilities will occur at the culvert site during its

service life. The benefits of constructing a large capacity culvert to accommodate all of these
events with no detrimental flooding effects are normally outweighed by the initial construction
costs. Thus, an economic analysis of the tradeoffs is performed with varying degrees of effort

and thoroughness.

1. Benefits and Costs

The purpose of a highway culvert is to convey water through a roadway
embankment. The major benefits of the culvert are decreased traffic interruption
time due to roadway flooding and increased driving safety. The major costs are
associated with the construction of the roadway embankment and the culvert itself.
Maintenance of the facility and flood damage potential must also be factored into

the cost analysis.




2. Analysis

Traditional economic evaluations for minor stream crossings have been somewhat
simplistic. Culvert design flows are based on the importance of the roadway being
served with little attention given to other economic and site factors. A more rigorous
investigation, termed a risk analysis, is sometimes performed for large culvert
installations. The objective of the risk analysis is to find the optimum culvert
capacity based on a comparison of benefits and costs. (Figure I-16) The designer
should be aware of the risk analysis process and consider using it to analyze
alternatives where flood damage is large or culvert cost is significant.
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Figure I-16--Risk Analysis Benefit versus Cost Curve

Go to Chapter 2
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A. Hydrology

1. General

Hydrologic analysis involves the estimation of a design flow rate based on
climatological and watershed characteristics. This analysis is one of the most
important aspects of culvert design. Since statistical uncertainties are inherent in
hydrologic analysis, the results of the analysis are not as accurate as the results of
the hydraulic analysis of a culvert. Nonetheless, both of these analyses are
required, and the hydrologic study must be performed first. FHWA Hydraulic
Engineering Circular (HEC) Number 19, Hydrology, is an excellent reference for

gaining information and insight into most of the hydrologic methods mentioned in
this publication. (11)

A statistical concept often associated with hydrologic analysis is the return period.
The term return period is used when referring to the frequency of occurrence of rare
events such as floods. Mathematically, the return period is the reciprocal of
frequency. For example, the flood which has a 5 percent chance of occurring
(frequency) in any given year also has a return period of 20 years; i.e., 1/0.05 = 20
years. In other words, this flood event will be exceeded on the average of once
every 20 years over a long period of time. Hence, the 20 year flood event is likely to
be exceeded five times during a 100-year period. These events will be randomly
spaced over the 100 years.

Large and expensive culvert installations may warrant extensive hydrologic
analysis. This increased level of effort may be necessary in order to perform risk
analysis and/or storage routing calculations. Risk analysis requires the computation
of flows for several different return periods. Storage routing calculations require the
definition of the entire flood event or hydrograph.

Considerable study of the use of risk analysis in culvert design has occurred over
the past 10 to 20 years. Risk analysis balances the culvert cost with the damages
associated with inadequate culvert performance. These studies have been fruitful in
relating culvert design to economic theory and in defining the monetary
consequences of both over-design and under-design. The limitations of culvert
design based solely on arbitrary return periods have been duly exposed in the
process.
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Storage routing is the attenuation of the flood flow due to the storage volume
upstream of the culvert. Risk analysis studies often include storage routing as an
integral part of the culvert sizing process. Consideration of storage routing in these
studies often reduces the design culvert size. Hence, storage routing has been
included as an optional part of the design procedure presented in this manual.

2. Peak Design Flow

As a flood wave passes a point along a stream, the flow increases to a maximum
and then recedes. The maximum flow rate is called the peak flow. The peak flow
has been, and continues to be, a major factor in the culvert design process.

In traditional culvert design, a structure is sized to pass a peak flow from one side of
the roadway embankment to the other with an acceptable headwater elevation. The
magnitude of the peak flow is dependent upon the selection of a return period. The
assignment of a return period is generally based on the importance of the roadway
and flood damage potential.

For gaged sites, statistical analyses can be performed on the recorded stream flow
to provide an estimated peak design flow for a given return period. The accuracy of
the estimate improves as the length of the record increases. For culvert sites

significantly removed from the gage, the peak design flow may have to be adjusted.
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Figure lI-1--Flood Hydrograph

A typical statistical analysis for data from a gaged site proceeds as follows. First,
the annual peak flows for the site are arranged in descending order. Then, the
plotting position is calculated by one of several available formulas. (11) The peak
floods are then plotted on a probability paper to define the frequency relationship for
the gage site. If Gumbel paper (Type | external distribution) is used to plot the data,
the mean of the data (mean annual flood) will plot at a frequency of 0.429. This
equates to a return period of 2.33 years. Other return periods can be read from the
frequency plot, because the return period is the inverse of the frequency.

Ungaged sites present more of a design problem. Stream gage data for particular
regions have been utilized to develop statistical regression equations for most areas
of the country. These equations generally require basic watershed parameters such
as drainage area and average stream slope. Using the required data, peak design
flows can be determined for ungaged sites within that region. Deterministic methods
are also available which attempt to model the rainfall-runoff process. The key input
parameter in these methods is rainfall which must be related to a return period. The
amount of watershed data required is dependent upon the sophistication of the
model. Table 2 lists some of the commonly employed methods of peak flow

generation for gaged and ungaged sites.

Table 2--Peak Determination Methods

Gaged Sites Ungaged Sites

1) Normal Distribution 1) USGS Regression Equations

2) Log-Normal Distribution 2) FHWA Regression Equations

3) Gumbel Extreme Value Distribution 3) Regional Peak Flow Methods

4) Log-Pearson Type Il Distribution 4) SCS Peak Discharge Method
5) Rational Method

3. Check Flows

Culvert operation should be evaluated for flows other than the peak design flow
because:

1. It is good design practice to check culvert performance through a range of
discharges to determine acceptable operating conditions

2. flood plain regulations may require the delineation of the 100-year flood plain
3. in performing flood risk analyses, estimates of the damages caused by
headwater levels due to floods of various frequencies are required.

Check flows are determined in the same manner as the peak design flow. The




hydrologic procedures used should be consistent unless unusual circumstances
dictate otherwise. For example, a stream gage record may be long enough to
estimate a 10-year peak design flow but too short to accurately generate a 100-year
check flow. Under these circumstances the check flow should be evaluated by
another method.

4. Hydrographs

The entire flood hydrograph at the culvert site must be defined if upstream storage
is to be considered in culvert design. Passing the peak design flow through a culvert
neglects the attenuating effects of upstream storage. If this storage is taken into
account, the required culvert size may be substantially reduced. Since volume
considerations are now involved, the flood hydrograph becomes an integral part of
the design process.

A flood hydrograph is a plot of discharge versus time. Figure Il-1 depicts a typical

flood hydrograph showing the rise and fall of stream flow over time as the flood
passes. Actual flood hydrographs can be obtained using stream gage records.
These measured storm events can then be used to develop design flood
hydrographs. In the absence of stream gage data, empirical or mathematical
methods, such as the Snyder and SCS synthetic hydrograph methods, are used to
generate a design flood hydrograph.

The unit hydrograph technique is a popular procedure for determining the response
of a watershed to a specified design rainfall. A unit hydrograph represents the runoff
response of a watershed to a uniform 1-inch rainfall of a given duration. A unit
hydrograph may be generated from data for a gaged watershed or synthesized from
rainfall and watershed parameters for an ungaged watershed. Both methods are
briefly described below.

a. Unit Hydrograph Formulation - Gaged Watershed. To develop a unit
hydrograph for a gaged watershed, the designer should have
streamflow and rainfall records for a number of storm events. The
rainfall data must be representative of the rainfall over the watershed
during each storm event. In addition, the rainfall events should have
relatively constant intensities over the duration of the storm.

Unit hydrograph generation involves four steps which are illustrated in
Figure 11-2.

1. The groundwater or low flow contribution of the gaged flood
hydrograph is estimated and removed from volume consideration.
This groundwater or low flow contribution is generally regarded as
constant and estimated to be the amount of stream flow prior to
the storm event.

2. The volume of the remaining runoff hydrograph is calculated. This
is termed the direct runoff volume.




3. The direct runoff volume is then distributed over the entire
watershed (divided by the watershed area) to determine the
equivalent runoff depth.

4. The ordinates of the runoff hydrograph are divided by this runoff
depth to produce the unit hydrograph for the storm duration.
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Figure II-2--Unit Hydrograph Determination Procedure

The unit hydrograph can be used with the concepts of linearity and superposition to
predict the watershed response to a design rainfall with a specified return period.
Linearity implies that if the unit hydrograph represents a basin's response to 1-inch
of runoff for a given storm duration, 2-inches of runoff over the same duration
doubles the discharge at each point in time. Superposition allows for the
accumulation of individual runoff responses. For example, if a storm event which
generates 1-inch of runoff over a given duration is followed immediately by another
1-inch runoff storm event of the same duration, the basin response will be the
accumulation of the individual effects over time. (Figure 11-3)
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Figure II-3--Linearity and Superposition Concepts

A unit hydrograph is derived for a specified storm duration. Since storm durations
vary, many different unit hydrographs exist for any particular watershed.
Techniques exist to vary the duration of a unit hydrograph such as the "S" Curve
(Summation Curve) approach (11). These methods are useful in matching the
design unit hydrograph to the duration increment of a design rainfall. Methods are
also available to formulate design rainfalls using U.S. Weather Service data. (12,13)

b. Synthetic Unit Hydrograph. A synthetic unit hydrograph may be
developed in the absence of stream gage data. The methods used to
develop synthetic unit hydrographs are generally empirical and depend
upon various watershed parameters, such as watershed size, slope,
land use, and soil type. Two synthetic procedures which have been
widely used are the Snyder Method and the Soil Conservation Service
(SCS) Method. The Snyder Method uses empirically defined terms and
physiographic characteristics of the drainage basin as input for empirical
equations which characterize the timing and shape of the unit
hydrograph. The SCS method utilizes dimensionless hydrograph
parameters based on the analysis of a large number of watersheds to
develop a unit hydrograph. The only parameters required by the method
are the peak discharge and the time to peak. A variation of the SCS
synthetic unit hydrograph is the SCS synthetic triangular hydrograph.

c. Computer Models. Hydrologic computer models are becoming
popular for generating flood hydrographs. Some computer models
merely solve empirical hand methods more quickly. Other models are
theoretical and solve the runoff cycle in its entirety using continuous
simulation over short time increments. Results are obtained using




mathematical equations to represent each phase of the runoff cycle
such as interception, surface retention, infiltration, and overland flow.

In most simulation models, the drainage area is divided into subareas
with similar hydrologic characteristics. A design rainfall is synthesized
for each subarea, and abstractions, such as interception and infiltration,
are removed. An overland flow routine simulates the movement of the
remaining surface water. Adjacent channels receive this overland flow
from the subareas. The channels of the watershed are linked together
and the channel flow is routed through them to complete the basin's
response to the design rainfall.

Computer models are available which simulate a single storm event or
continuous runoff over a long period of time. The Stanford Watershed
model was one of the earliest simulation models. It is a continuous
simulation model using hourly rainfall and potential evapotranspiration
as input data. The output is in the form of mean daily flows, hourly
ordinates of the hydrograph, and monthly totals of the water balance.
The EPA Sponsored Storm Water Management Model (SWMM) permits
the Simulation of a single storm event. An assumption inherent in these
models is that the return period of the computed flood is the same as
that of the input rainfall. All simulation models require calibration of
modeling parameters using measured historical events to increase their
validity. Most simulation models require a significant amount of input
data and user experience to assure reliable results.

5. Basics of Storage Routing

Measurement of a flood hydrograph at a stream location is analogous to recording
the passage of a high amplitude, low frequency wave. As this wave moves
downstream, its shape broadens and flattens provided there is no additional inflow
along the reach of the stream. This change in shape is due to the channel storage
between the upstream and downstream locations. If the wave encounters a
significant amount of storage at a given location in the stream, such as a reservoir,
the attenuation of the flood wave is increased. Figure 11-4 depicts the effects

graphically.

Storage routing is the numerical translocation of a flood wave (hydrograph). This
process is applicable to reservoirs, channels, and watersheds. The effects of the
routing are threefold: volume conservation, peak reduction, and time lag. Reservoir
routing is dependent only upon storage in modifying a flood wave. Channel routing
is dependent upon inflow and outflow as well as storage in a stream reach.
Watershed routing incorporates the runoff attenuating effects of the watershed and
is of importance in some hydrograph generation methods. Reservoir routing is of
special interest in culvert design, and it will be discussed further in Chapter 5.




B.Site Data

1. General

The hydraulic design of a culvert installation requires the evaluation of a large
amount of data including culvert location, waterway data, roadway data, and the
design headwater. Each of these items and its importance is discussed in the
following paragraphs.
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Figure lI-4--Flood Hydrograph Shape Modification

2. Culvert Location

A culvert should ideally be located in the existing channel bed to minimize costs
associated with structural excavation and channel work. However, this is not always
possible. Some streambeds are sinuous and cannot accommodate a straight
culvert. In other situations, a stream channel may have to be relocated to avoid the
installation of an inordinately long culvert. When relocating a stream channel, it is
best to avoid abrupt stream transitions at either end of the culvert.Figure 11-5
displays two examples of culvert location procedures. (14) In one case, the culvert
follows the natural channel alignment. In the second case, the channel has been
relocated to reduce the culvert length. Brice concluded that minor channel
relocations for culvert alignments have been successful unless the natural channel



was already unstable. (15)

3. Waterway Data

The installation of a culvert to convey surface water through a highway
embankment significantly constricts the flood plain. To predict the consequences of
this alteration, accurate preconstruction waterway data must be collected. These
data include cross-sectional information, stream slope, the hydraulic resistance of
the stream channel and floodplain, any condition affecting the downstream water
surface elevation, and the storage capacity upstream of the culvert. Photographs of
site conditions are often beneficial.
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Figure 1l-5--Culvert Location Methods

a. Cross Sections. Stream cross sectional data acquired from a field
survey at the site are highly desirable. At least three cross sections
should be taken to establish the stream slope, the culvert inlet, the
culvert outlet, and the configuration of the natural channel. (Figure 11-6)

Sections should be taken:
1. about 100 ft (30 m) upstream from the crossing,
2. at the centerline of the roadway, and
3. about 100 ft (30 m) downstream from the crossing.




The natural streambed width and side slopes, and the floodplain width
may be obtained from these cross sections. The cross-sectional data
will also help to verify the accuracy of existing topographic maps. If
significant ponding is Necessary to establish downstream water level
(tailwater) conditions.

If only one cross section of the natural channel is available, it will be
used as the typical cross section. This assumption should be checked
using topographic maps and aerial photos. Additional information on
stream slope and upstream storage volume should also be obtained
from the topographic maps.

b. Stream Slope. The longitudinal slope of the existing channel in the
vicinity of the proposed culvert should be defined in order to properly
position the culvert in vertical profile and to define flow characteristics in
the natural likely, additional sections may be necessary to determine the
storage capacity upstream of the culvert. Likewise, additional
downstream sections may be necessary. Often, the proposed culvert is
positioned at the same longitudinal slope as the streambed. Cross
sections will provide streambed elevations at the deepest point of the
stream. From these elevations and the distances between the cross
sections the stream slope may be calculated.
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Figure II-6--Cross Section Locations

c. Resistance. The hydraulic resistance coefficient of the natural
channel must be evaluated in order to calculate preproject flow



conditions. This resistance coefficient is usually taken to be the Manning
n value. Various methods are available to evaluate resistance
coefficients for natural streams, including comparisons with photographs
of streams with known resistance values or tabular methods based on
stream characteristics (16, 17, and 18). Table 11, Appendix D, provides

Manning n values for selected natural channels.

d. Tailwater. Culvert performance is likely to be affected by the
downstream water surface elevation or tailwater. Therefore, conditions
which might promote high tailwater elevations during flood events
should be investigated. Downstream impoundments, obstructions,
channel constrictions, tidal effects, and junctions with other
watercourses should be investigated, based on field observations and
maps, in order to evaluate their impact on the resultant tailwater
elevation. Lacking these conditions, tailwater elevations should be
based on water surface elevations in the natural channel. These
elevations can be accurately determined from water surface elevation
calculations or estimated using simplified approximations of water
depth. For most culvert installations, an approximation is sufficient.

e. Upstream Storage. The storage capacity available upstream from a
culvert may have an impact upon its design. Upstream storage capacity
can be obtained from large scale contour maps of the upstream area,
but a 2-foot (0.5m) contour interval map is desirable. If such maps are
not available, a number of cross sections should be obtained upstream
of the proposed culvert. These sections must be referenced horizontally
as well as vertically. The length of upstream channel to be
cross-sectioned will depend on the headwater expected and the stream
slope. The cross sections can be used to develop contour maps or the
cross sectional areas can be used to compute storage. The topographic
information should extend from the channel bed upward to an elevation
equal to at least the design headwater elevation in the area upstream of
the culvert.

4. Roadway Data

The proposed or existing roadway affects the culvert cost, hydraulic capacity, and
alignment. Roadway profile and the roadway cross section information can be
obtained from preliminary roadway drawings or from standard details on roadway
sections. When the culvert must be sized prior to the development of preliminary
plans, a best estimate of the roadway section can be used, but the culvert design
must be checked after the roadway plans are completed.

a. Cross Section. The roadway cross section normal to the centerline is typically
available from highway plans. However, the cross section needed by the culvert
designer is the section at the stream crossing. This section may be skewed with




reference to the roadway centerline. For a proposed culvert, the roadway plan,
profile, and cross-sectional data should be combined as necessary to obtain this
desired section. A schematic roadway plan and section with important elevations is

shown in Figure 1I-7.

b. Culvert Length. Important dimensions and features of the culvert will become
evident when the desired roadway cross section is measured or established. The
dimensions are obtained by superimposing the estimated culvert barrel on the
roadway cross section and the streambed profile. (Figure 11-7) This superposition
establishes the inlet and outlet invert elevations. These elevations and the resulting
culvert length are approximate since the final culvert barrel size must still be
determined.
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Figure IlI-7--Roadway Cross Section and Culvert Length

c. Longitudinal Roadway Profile. The roadway profile represents the
obstruction encountered by the flowing stream. The embankment
containing the culvert acts much like a dam. The culvert is similar to the
normal release structure, and the roadway crest acts as an emergency
spillway in the event that the upstream pool (headwater) attains a
sufficient elevation. The location of initial overtopping is dependent upon
the roadway geometry. (Figure 1-8)

The profile contained in highway plans generally represents the
roadway centerline profile. These elevations may not represent the high
point in the highway cross section. The culvert designer should extract
the profile which establishes roadway flooding and roadway overflow
elevations from the highway plans available. The low point of the profile
is of critical importance, since this is the point at which roadway



overtopping will first occur.

5. Design Headwater

The most economical culvert is one which would utilize all of the available
headwater to pass the design discharge. Since the discharge capacity increases
with increasing head, the available headwater elevation must be determined. This
design headwater elevation generally hinges on one of three factors; economic
considerations, regulatory constraints, or arbitrary constraints.

An increase in available headwater can be obtained at some sites by depressing
(burying) the culvert inlet. This procedure is advantageous for steep culverts which
operate under inlet control. Additional information on this procedure is contained in

Chapter 3.

. Economic Considerations. As ponding elevations increase upstream from a
culvert, detrimental economic consequences can occur. Although for major
structures it may be advantageous to perform a flood risk analysis (Chapter
6), site-specific constraints are sometimes adopted in lieu of a full risk
analysis. Such constraints are based on some designated elevation that is not
to be exceeded within a specified return period. This elevation may
correspond to some critical point on the roadway such as the roadway
shoulder or the road way overtopping elevation. Another criteria might be the
flood damage elevation of an upstream building. Possible loss of life and the
importance of the highway are likewise considered. While all of these factors
pertain to risk analysis, a detailed risk analysis is generally not performed.
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Figure II-8--Road Profile - Valley Section

b. Regulatory Constraints. The requirements of the National Flood Insurance
Program are a major consideration in culvert design. Most communities are
now participating in this program. The limitation on flood plain construction as
it affects the base (100-year) flood elevation is of primary importance.
Depending upon the culvert location, existing floodway encroachments, and




whether there is a specified floodway, the allowable water surface elevation
increase varies from 0 to 1 foot (0.3m). Regardless of the return period
utilized in the culvert design for the particular roadway, the 100-year return
period flood must be checked to ascertain the effects of the culvert on the
base flood elevation.(19)

3. Arbitrary Constraints. Some state or local agencies place arbitrary constraints
on the headwater produced by a culvert. For example, the headwater depth
may not be allowed to exceed the barrel height or some multiple of the barrel
height. Although these constraints will severely limit the flexibility inherent in
culvert design, they must be followed unless the controlling agency can be
convinced to relax the restrictions or grant an exemption.

C. Summary of Data Needs

Table 3 summarizes the various data needed for culvert design.

Table 3--Data Requirements for Culvert Design

DATA SOURCE
HYDROLOGY
Peak Flow Stream gage analysis or calculated using Rational

Formula, SCS Method, regression equations, etc.

Same as for peak flow
Check Flows
From stream gage information or synthetic
Hydrographs (if storage routing is utilized) development methods such as SCS, Method, Snyder
Method, or computer models

SITE DATA Based on site characteristics including natural stream
Culvert Location section, slope, and alignment
Waterway Data
Cross Sections Field survey or topographic maps
Longitudinal Slope Field survey or topographic maps
Resistance Observation, photographs, or calculation methods
Tailwater Field Field survey, maps
Upstream storage Field survey, maps
DATA SOURCE
Roadway Data
Cross Section Roadway plans
Profile Roadway plans

Culvert Length Roadway plans




Design Headwater Roadway plans
Critical points on roadway

Surrounding buildings or Aerial photographs, surveys, or topographic maps
structures
Regulatory Constraints Floodplain and flood insurance regulations for stream

reach of interest

State or local regulations for culvert installations

Arbitrary Constraints

Go to Chapter 3
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A. Culvert Flow

1. General

An exact theoretical analysis of culvert flow is extremely complex because the flow is usually nonuniform
with regions of both gradually varying and rapidly varying flow. An exact analysis involves backwater and
drawdown calculations, energy and momentum balance, and application of the results of hydraulic model
studies. For example, the U.S. Geologica Survey has defined 18 different culvert flow types based on inlet
and outlet submergence, the flow regime in the barrel, and the downstream brink depth. (20) Often,
hydraulic jJumps form inside or downstream of the culvert barrel. In addition, the flow types change in a
given culvert as the flow rate and tailwater elevations change.

In order to systematically analyze culvert flow, the procedures of this publication have been devel oped,
wherein the various types of flow are classified and analyzed on the basis of control section. A control
section is alocation where there is a unigque relationship between the flow rate and the upstream water
surface elevation. Many different flow conditions exist over time, but at a given time the flow is either
governed by the inlet geometry (inlet control); or by a combination of the culvert inlet configuration, the
characteristics of the barrel, and the tailwater (outlet control). Control may oscillate from inlet to outlet;
however, in this publication, the concept of "minimum performance” applies. That is, while the culvert may
operate more efficiently at times (more flow for a given headwater level), it will never operate at alower
level of performance than calculated.

The culvert design method presented in this publication is based on the use of design charts and
nomographs. These charts and nomographs are, in turn, based on data from numerous hydraulic tests and
on theoretical calculations. At each step of the process, some error isintroduced. For example, thereis
scatter in the test data and the selection of a best fit design equation involves some error. Also, the
correlation between the design equations and the design nomographs is not exact. Reproduction of the
design charts introduces additional error. Therefore, it should be assumed that the results of the procedure
are accurate to within plus or minus ten percent, in terms of head. Additional information on the precision
of the design chartsis provided in Appendix A.

Table 1 in Chapter 1 shows the factors which must be considered in culvert design for inlet and outlet
control. Ininlet control, only the inlet area, the edge configuration, and the shape influence the culvert
performance for a given headwater elevation. The headwater elevation is calculated with respect to the inlet
invert, and the tailwater elevation has no influence on performance. In outlet control, all of the factors
listed in Table 1 affect culvert performance. Headwater elevation is calculated with respect to the outlet
invert, and the difference between headwater and tailwater elevation represents the energy which conveys
the flow through the culvert.




2. Types of Control

A general description of the characteristics of inlet and outlet control flow is given below. A culvert
flowing in inlet control has shallow, high velocity flow categorized as "supercritical." For supercritical
flow, the control section is at the upstream end of the barrel (the inlet). Conversely, a culvert flowing in
outlet control will have relatively deep, lower velocity flow termed "subcritical” flow. For subcritical flow
the controal is at the downstream end of the culvert (the outlet). The tailwater depth is either critical depth at
the culvert outlet or the downstream channel depth, whichever is higher. In agiven culvert, the type of flow
is dependent on all of the factorslisted in Table 1.
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a. Inlet Control



Examples of Inlet Control

Figure 111-1 depicts several different examples of inlet control flow. The type of flow depends on the

submergence of the inlet and outlet ends of the culvert. In all of these examples, the control section is at the
inlet end of the culvert. Depending on the tailwater, a hydraulic jump may occur downstream of the inlet.

Figure 111-1-A depicts a condition where neither the inlet nor the outlet end of the culvert are submerged.
The flow passes through critical depth just downstream of the culvert entrance and the flow in the barrel is
supercritical. The barrel flows partly full over its length, and the flow approaches normal depth at the outlet
end.

Figure I11-1-B shows that submergence of the outlet end of the culvert does not assure outlet control. In this
case, the flow just downstream of theinlet is supercritical and a hydraulic jump forms in the culvert barrel.

Figure l11-1-C isamoretypical design situation. The inlet end is submerged and the outlet end flows
freely. Again, the flow is supercritical and the barrel flows partly full over its length. Critical depthis

located just downstream of the culvert entrance, and the flow is approaching normal depth at the
downstream end of the culvert.

Figure I11-1-D is an unusual condition illustrating the fact that even submergence of both the inlet and the
outlet ends of the culvert does not assure full flow. In this case, a hydraulic jump will form in the barrel.
The median inlet provides ventilation of the culvert barrel. If the barrel were not ventilated,
sub-atmospheric pressures could develop which might create an unstable condition during which the barrel
would aternate between full flow and partly full flow.

Factors Influencing Inlet Control

Since the contral is at the upstream end in inlet control, only the headwater and the inlet configuration
affect the culvert performance. (Table 1) The headwater depth is measured from the invert of the inlet

control section to the surface of the upstream pool. Theinlet areais the cross-sectiona area of the face of
the culvert. Generally, the inlet face areais the same asthe barrel area, but for tapered inlets the face areais
enlarged, and the control section is at the throat. The inlet edge configuration describes the entrance type.
Some typical inlet edge configurations are thin edge projecting, mitered, square edges in a headwall, and
beveled edge. The inlet shape is usually the same as the shape of the culvert barrel; however, it may be
enlarged asin the case of atapered inlet. Typical shapes are rectangular, circular, and elliptical. Whenever
theinlet face is a different size or shape than the culvert barrel, the possibility of an additional control
section within the barrel exists.




Figurelll-2--Flow Contractionsfor Various Culvert Inlets

An additional factor which influences inlet control performance isthe barrel slope. The effect is small,
however, and it can be ignored or a small slope correction factor can be inserted in the inlet control

equations. (Appendix A)

Theinlet edge configuration isamajor factor in inlet control performance, and it can be modified to
improve performance. Variousinlet edges are shown in Figure 111-2. Figure 111-2-A isathin edge
projecting inlet typical of metal pipe, Figure I11-2-B is a projecting thick-walled inlet (about the same
performance as a square edge in a headwall) which istypical of concrete pipe without a groove end, and
Figure 111-2-C isagroove end or socket inlet which istypical of a concrete pipe joint. Note that as the inlet
edge condition improves (from Figure I11-2-A to Figure 111-2-C), the flow contraction at the inlet decreases.
This reduced flow contraction indicates increased inlet performance and more flow through the barrel for
the same headwater.
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Figurelll-3--Beveled Edges

A method of increasing inlet performance is the use of beveled edges at the entrance of the culvert. Beveled
edges reduce the contraction of the flow by effectively enlarging the face of the culvert. Although any
beveling will help the hydraulics, design charts are available for two bevel angles, 45 degrees and 33.7
degrees, as shown in Figure I11-3.

The larger, 33.7-degree bevels require some structural modification, but they provide slightly better inlet
performance than the 45-degree bevels. The smaller, 45-degree bevels require very minor structural
modification of the culvert headwall and increase both inlet and outlet control performances. Therefore, the
use of 45 degree bevelsis recommended on all culverts, whether in inlet or outlet control, unless the culvert
has a groove end. (The groove end provides about the same performance as a beveled edge.)

Hydraulics of Inlet Control

Inlet control performance is defined by the three regions of flow shown in Figure I11-4: unsubmerged,
transition and submerged. For low headwater conditions, as shown in Figure [11-1-A and Figure 111-1-B, the
entrance of the culvert operates asaweir. A weir is an unsubmerged flow control section where the
upstream water surface elevation can be predicted for a given flow rate. The relationship between flow and
water surface elevation must be determined by model tests of the weir geometry or by measuring prototype
discharges. These tests or measurements are then used to devel op equations for unsubmerged inlet control
flow. Appendix A contains the equations which were developed from the NBS model test data.

For headwaters submerging the culvert entrance, as are shown in Figure 111-1-C and Figure I11-1-D, the
entrance of the culvert operates as an orifice. An orifice is an opening, submerged on the upstream side and
flowing freely on the downstream side, which functions as a control section. The relationship between flow
and headwater can be defined based on results from model tests. Appendix A contains the submerged flow
equations which were devel oped from the NBS test data.




The flow transition zone between the low headwater (weir control) and the high headwater flow conditions
(orifice control) is poorly defined. This zone is approximated by plotting the unsubmerged and submerged
flow equations and connecting them with a line tangent to both curves, as shown in Figure [11-4.
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Figurelll-4--Inlet Flow Control Curves

The inlet control flow versus headwater curves which are established using the above procedure are the
basis for constructing the inlet control design nomographs. Note that approach velocity head can be
included as a part of the available headwater in the inlet relationships.

Inlet Depressions

The inlet control equations or nomographs provide the depth of headwater above the inlet invert required to
convey agiven discharge through the inlet. This relationship remains constant regardless of the elevation of
theinlet invert. If the entrance end of the culvert is depressed below the stream bed, more head can be
exerted on the inlet for the same headwater elevation.

Two methods of depressing the entrance ends of culverts are shown in Figure I11-5 and Figure I11-6. Figure
111-5 depicts the use of a depressed approach apron with the fill retained by wingwalls. Paving the apron is
desirable. Figure I11-6 shows a sump constructed upstream of the culvert face. Usually the sump is paved,
but for small depressions, an unpaved excavation may be adequate.
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Figurell1-6--Culvert with Inlet Sump

When a culvert is depressed below the stream bed at the inlet, the depression is called the FALL. For
culverts without tapered inlets, the FALL is defined as the depth from the natural stream bed at the faceto
the inlet invert. For culverts with tapered inlets, the FALL is defined as the depth from the natural stream
bed at the face to the throat invert. Tapered inlets will be discussed further in Chapter 4.

b. Outlet Control

Examples of Outlet Control

Figure I11-7 illustrates various outlet control flow conditions. In all cases, the control section is at the outlet
end of the culvert or further downstream.
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Figurelll-7--Types of Outlet Control

For the partly full flow situations, the flow in the barrel is subcritical.

Condition I11-7-A represents the classic full flow condition, with both inlet and outlet submerged. The
barrel isin pressure flow throughout its length. This condition is often assumed in calculations, but seldom
actually exists.

Condition I11-7-B depicts the outlet submerged with the inlet unsubmerged. For this case, the headwater is
shallow so that theinlet crown is exposed as the flow contracts into the culvert.

Condition I11-7-C shows the entrance submerged to such a degree that the culvert flows full throughout its
entire length while the exit is unsubmerged. Thisis arare condition. It requires an extremely high
headwater to maintain full barrel flow with no tailwater. The outlet velocities are usually high under this
condition.

Condition I11-7-D is more typical. The culvert entrance is submerged by the headwater and the outlet end
flows freely with alow tailwater. For this condition, the barrel flows partly full over at least part of its




length (subcritical flow) and the flow passes through critical depth just upstream of the outlet.

Condition I11-7-E isaso typical, with neither the inlet nor the outlet end of the culvert submerged. The
barrel flows partly full over its entire length, and the flow profile is subcritical.

Factors Influencing Outlet Control

All of the factorsinfluencing the performance of a culvert in inlet control aso influence culvertsin outlet
control. In addition, the barrel characteristics (roughness, area, shape, length, and slope) and the tailwater
elevation affect culvert performance in outlet control. (Table 1)

The barrel roughnessis afunction of the material used to fabricate the barrel. Typical materialsinclude
concrete and corrugated metal. The roughness is represented by a hydraulic resistance coefficient such as
the Manning n value. Typical Manning n values for culverts are presented in Table 4. Additional discussion

on the sources and derivations of the Manning n values are contained in Appendix B.

The barrel area and barrel shape are self explanatory.

The barrel length isthe total culvert length from the entrance to the exit of the culvert. Because the design
height of the barrel and the slope influence the actual length, an approximation of barrel length is usually
necessary to begin the design process.

The barrel slope isthe actual slope of the culvert barrel. The barrel slope is often the same as the natural
stream slope. However, when the culvert inlet is raised or lowered, the barrel slope is different from the
stream slope.

The tailwater elevation is based on the downstream water surface elevation. Backwater calculations from a
downstream control, a normal depth approximation, or field observations are used to define the tailwater
elevation.

Hydraulics of Outlet Control

Full flow in the culvert barrel, as depicted in Figure I11-7-A, is the best type of flow for describing outlet
control hydraulics.

Outlet control flow conditions can be calcul ated based on energy balance. The total energy (H, ) required to
pass the flow through the culvert barrel is made up of the entrance loss (Hy), the friction losses through the
barrel (Hy), and the exit loss (Hy). Other losses, including bend losses (Hp), losses at junctions (H;), and
loses at grates (Hg) should be included as appropriate. These |losses are discussed in Chapter 6.

HL:He+Hf+HO+Hb+Hj+Hg (1)

Table 4. Manning's n values for culverts

Type of Conduit Wall Description

’Concrete Pipe ]Smooth Walls ]0.010-0.013
’Concrete Boxes ]Smooth Walls ]0.012-0.015




Corrugated Metal Pipes and Boxes, Annular |2-2/3 by 1/2 inch Corrugation 0.022-0.027
or Helical Pipe (Manning n varies with . .
barrel size) Refer to Figure B-3 6 by 1inch corrugations 0.022-0.025
5 by 1 inch corrugations ' '
. . 0.025-0.026
3 by 1 inch corrugations
. . 0.027-0.028
6 by 2 inch structural plate corrugations
0.033-0.035
9 by 21/2 inch structura plate
corrugations
0.033-0.037
Type of Conduit Wall Description
Corrugated Metal Pipes, Helical 2-2/3 by 1/2 inch corrugations 0.012-0.024
Corrugations, and Full Circular Flow
]Spi ral Rib Metal Pipe ]Smooth Walls ]0.012-0.013

NOTE: The valuesindicated in this table are recommended Manning "n" design values. Actua
field values for older existing pipelines may vary depending on the effects of abrasion, corrosion,
deflection, and joint conditions. Concrete pipe with poor joints and deteriorated walls may have "n"
value of 0.014 to 0.018. Corrugated metal pipe with joint and wall problems may also have higher
"n" values, and in addition, may experience shape changes which could adversely effect the general
hydraulic performance of the culvert.

The barrel velocity is calculated as follows:

A

V isthe average velocity in the culvert barrel, ft/s (m/s)
Qistheflow rate, ft3/s (m3/s)
A isthefull cross sectional area of the flow, ft? (m?)

The velocity head is:
VE

H - —
2g

(3

g isthe acceleration due to gravity, 32.2 ft/s/s (9.8 m/g/s)

The entrance loss is a function of the velocity head in the barrel, and can be expressed as a coefficient times
the velocity head.

2
H, = kE[V—J (43)
2g

Values of kg based on variousinlet configurations are given in Table 12, Appendix D.

The friction loss in the barrel is also afunction of the velocity head. Based on the Manning equation, the
frictionlossis:



20n°L | V¢
H;= R1% 28 (4b)

n is the Manning roughness coefficient (Table 4)

L isthe length of the culvert barrel, ft (m)

R isthe hydraulic radius of the full culvert barrel = A/p, ft (m)
A isthe cross-sectiona area of the barrel, ft2 (m?)

p isthe perimeter of the barrel, ft (m)

V isthe velocity in the barrel, ft/s (m/s)

The exit lossis afunction of the change in velocity at the outlet of the culvert barrel. For a sudden
expansion such as an endwall, the exit lossis:

2 VE
H_ =10 ./ e (4 ¢
L 3da

V4 isthe channel velocity downstream of the culvert, ft/s (m/s)

Equation (4c) may overestimate exit losses, and a multiplier of lessthan 1.0 can be used. (40) The

downstream velocity is usually neglected, in which case the exit lossis equal to the full flow velocity head
in the barrel, as shown in Equation (4d).

V2
_E

Bend losses, junction losses, grate |osses and other losses are discussed in Chapter 6. These other losses are
added to the total losses using Equation (1).

H =H

a v

(4d]

Inserting the above relationships for entrance loss, friction loss, and exit loss (Equation (4d)) into Equation
(1), the following equation for loss is obtained:

20n° L | V2
H=|1+k +

R1.33 2 g
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Figurelll-8--Full Flow Energy and Hydraulic Grade Lines

Figure I11-8 depicts the energy grade line and the hydraulic grade line for full flow in a culvert barrel. The
energy grade line represents the total energy at any point along the culvert barrel. HW is the depth from the
inlet invert to the energy grade line.The hydraulic grade line is the depth to which water would rise in
vertical tubes connected to the sides of the culvert barrel. In full flow, the energy grade line and the
hydraulic grade line are parallel straight lines separated by the velocity head lines except in the vicinity of
the inlet where the flow passes through a contraction.

The headwater and tailwater conditions as well as the entrance, friction, and exit losses are also shown in
Figure 111-8. Equating the total energy at sections 1 and 2, upstream and downstream of the culvert barrel in

Figure [11-8, the following relationship results:

2 VE

v
HW + 2 =TW+—+H, (8)
lg lg

HW,, is the headwater depth above the outlet invert, ft (m)
V, isthe approach velocity, ft/s (m/s)

TW isthe tailwater depth above the outlet invert, ft (m)
V4 is the downstream velocity, ft/s (m/s)

H, isthe sum of al lossesincluding entrance (Hy), friction (Hy), exit (H,) and other losses,
(Hp), (H)), etc., ft (m)

Note: the total available upstream energy (HW) includes the depth of the upstream water surface above the
outlet invert and the approach velocity head. In most instances, the approach velocity is low, and the
approach velocity head is neglected. However, it can be considered to be a part of the available headwater
and used to convey the flow through the culvert.

Likewise, the velocity downstream of the culvert (V) is usually neglected. When both approach and
downstream velocities are neglected, Equation (6) becomes:
HW =Tw+ H; (7)

Inthis case, H, isthedifferencein elevation between the water surface elevation at the outlet (tailwater

elevation) and the water surface elevation at the inlet (headwater elevation). If it is desired to include the
approach and/or downstream velocities, use Equation (4c) for exit losses and Equation (6) instead of



Equation (7) to calculate the headwater.
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Figurelll-9--Outlet Control Energy and Hydraulic Grade Lines



Figurelll-10--Roadway Overtopping

Equation (1), Equation (2), Equation (3), Equation (4), Equation (5), Equation (6), and Equation (7) were
developed for full barrel flow, shown in Figure 111-7-A. The equations also apply to the flow situations
shown in Figure I11-7-B. and Figure 111-7-C, which are effectively full flow conditions. Backwater
calculations may be required for the partly full flow conditions shown in Figure 111-7-D and E. These

calculations begin at the water surface at the downstream end of the culvert and proceed upstream to the
entrance of the culvert. The downstream water surface is based on critical depth at the culvert outlet or on
the tailwater depth, whichever is higher. If the calculated backwater profile intersects the top of the barrel,
asin Figurelll-7-D., astraight, full flow hydraulic grade line extends from that point upstream to the

culvert entrance. From Equation (4b), the full flow friction slopeis:

H, 29n° V?

n order to avoid tedious backwater calculations, approximate methods have been developed to analyze
partly full flow conditions. Based on numerous backwater calculations performed by the FHWA staff, it
was found that a downstream extension of the full flow hydraulic grade line for the flow condition shown
in Figure [11-9-B pierces the plane of the culvert outlet at a point one-half way between critical depth and
the top of the barrel. Therefore, it.is possible to begin the hydraulic grade line at a depth of (d.+ D)/2 above

the outlet invert and extend the straight, full flow hydraulic grade line upstream to the inlet of the culvert at
agdlope of S,.(Figure 111-9-D) If the tailwater exceeds (d.+ D)/2, the tailwater is used to set the downstream

end of the extended full flow hydraulic grade line. The inlet losses and the velocity head are added to the
elevation of the hydraulic grade line at the inlet to obtain the headwater elevation.

This approximate method works best when the barrel flows full over at least part of its length. (Figure
[11-9-B) When the barrel is partly full over its entire length(Eigure 111-9-C), the method becomes

increasingly inaccurate as the headwater falls further below the top of the barrel at the inlet. Adequate
results are obtained down to a headwater of 0.75D. For lower headwaters, backwater calculations are
required to obtain accurate headwater elevations.
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Figurell1-11--Dischar ge Coefficients for Roadway Overtopping

The outlet control nomographs in Appendix D provide solutions for Equation (5) for entrance, friction, and
exit losses in full barrel flow. Using the approximate backwater method, the losses (H) obtained from the
nomographs can be applied for the partly full flow conditions shown in Figure 111-7 and Figure 111-9. The
losses are added to the elevation of the extended full flow hydraulic grade line at the barrel outlet in order
to obtain the headwater elevation. The extended hydraulic grade line is set at the higher of (d.+ D)/2 or the

tallwater elevation at the culvert outlet. Again, the approximation works best when the barrel flows full
over at least part of its length.

3. Roadway Overtopping

Overtopping will begin when the headwater rises to the elevation of the roadway. (Figure 111-10) The

overtopping will usually occur at the low point of a sag vertical curve on the roadway. The flow will be
similar to flow over abroad crested weir. Flow coefficients for flow overtopping roadway embankments
arefound in HDS No. 1, Hydraulics of Bridge Waterways (21), as well asin the documentation of HY -7,

the Bridge Waterways Analysis Model (22). Curves from reference (22) are shown in Figure 111-11. Figure
[11-11-A isfor deep overtopping, Figure I11-11-B isfor shallow overtopping, and Figure l11-11-Cisa
correction factor for downstream submergence. Equation (8) defines the flow across the roadway.

Qo= CqL HW,15  (8)


http://aisweb/pdf2/Hds1/Default.htm

Q0 is the overtopping flow rate in ft3/s (m?3/s)
C 4 is the overtopping discharge coefficient

L isthe length of the roadway crest, ft (m)
HW is the upstream depth, measured from the roadway crest to the water surface upstream of the weir

drawdown, ft (m)
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Figurelll-12--Weir Crest Length Deter minations for Roadway Over topping

The length and elevation of the roadway crest are difficult to determine when the crest is defined by a
roadway sag vertical curve. The sag vertical curve can be broken into a series of horizontal segments as
shown in Figure [11-12-A. Using Equation (8), the flow over each segment is calculated for agiven
headwater. Then, the incremental flows for each segment are added together, resulting in the total flow
across the roadway. Representing the sag vertical curve by a single horizontal line (one segment) is often
adequate for culvert design. (Figure 111-12-B) The length of the weir can be taken as the horizontal length
of this segment or it can be based on the roadway profile and an acceptable variation above and below the
horizontal line. In effect, this method utilizes an average depth of the upstream pool above the roadway
crest for the flow calculation.

It isa simple matter to calculate the flow across the roadway for a given upstream water surface elevation
using Equation (8). The problem is that the roadway overflow plus the culvert flow must equal the total
design flow. A trial and error processis necessary to determine the amount of the total flow passing
through the culvert and the amount flowing across the roadway. Performance curves may also be
superimposed for the culvert flow and the road overflow to yield an overall solution asis discussed later in
this chapter.

4. Outlet Velocity

Culvert outlet velocities should be calculated to determine the need for erosion protection at the culvert
exit. Culverts usually result in outlet vel ocities which are higher than the natural stream velocities. These
outlet velocities may require flow readjustment or energy dissipation to prevent downstream erosion.

Ininlet control, backwater (also called drawdown) calculations may be necessary to determine the outlet
velocity. These calculations begin at the culvert entrance and proceed downstream to the exit. The flow
velocity is obtained from the flow and the cross-sectional area at the exit. (Equation (2)).



An approximation may be used to avoid backwater calculations in determining the outlet velocity for
culverts operating in inlet control. The water surface profile converges toward normal depth as calculations
proceed down the culvert barrel. Therefore, if the culvert is of adequate length, normal depth will exist at
the culvert outlet. Even in short culverts, normal depth can be assumed and used to define the area of flow
at the outlet and obtain the outlet velocity. (Figure I11-13) The velocity calculated in this manner may be
dlightly higher than the actual velocity at the outlet. Normal depth in common culvert shapes may be
calculated using atrial and error solution of the Manning equation. The known inputs are flow rate, barrel
resistance, slope and geometry. Normal depths may also be obtained from design aids in publications such
as HDS No. 3. (23).
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In outlet control, the cross sectional area of the flow is defined by the geometry of the outlet and either
critical depth, tailwater depth, or the height of the conduit.(Figure I11-14).

Critical depth is used when the tailwater is less than critical depth and the tailwater depth is used when
tailwater is greater than critical depth but below the top of the barrel. The total barrel areais used when the
tailwater exceeds the top of the barrel.
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B. Performance Curves

Performance curves are representations of flow rate versus headwater depth or elevation for a given flow control device,
such asaweir, an orifice, or aculvert. A weir constricts open channel flow so that the flow passes through critical depth
just upstream of the weir. An orificeis aflow control device, fully submerged on the upstream side, through which the
flow passes. Performance curves and equations for these two basic types of flow control devices are shown in Figure

[1-15.

When atailwater exists, the control device may be submerged so that more than one flow-versus-elevation relationship
exists. Then, the performance curve is dependent on the variation of both tailwater and headwater. In the case of awelr
or orifice, the deviceis caled a submerged weir or a submerged orifice, respectively. For some cases, submergence
effects have been analyzed and correction factors have been developed. (21,22,24)

Culvert performance curves are similar to weir and/or orifice performance curves. In fact, culverts often behave as weirs
or orifices. However, due to the fact that a culvert has several possible control sections (inlet, outlet, throat), a given
installation will have a performance curve for each control section and one for roadway overtopping. The overal culvert
performance curve is made up of the controlling portions of the individual performance curves for each control section.

1. Inlet Control

The inlet control performance curves are developed using either the inlet control equations of Appendix A
or the inlet control nomographs of Appendix D. If the equations of Appendix A are used, both
unsubmerged (weir) and submerged (orifice) flow headwaters must be calculated for a series of flow rates
bracketing the design flow. The resultant curves are then connected with a line tangent to both curves (the
transition zone). If the inlet control nomographs are used, the headwaters corresponding to the series of
flow rates are determined and then plotted. The transition zone is inherent in the nomographs.

2. Outlet Control

The outlet control performance curves are developed using Equation (1), Equation (2), Equation (3),
Equation (4), Equation (5), Equation (6), and Equation (7) of this chapter, the outlet control nomographs of
Appendix D, or backwater calculations. Flows bracketing the design flow are selected. For these flows, the

total losses through the barrel are calculated or read from the outlet control nomographs. The losses are
added to the elevation of the hydraulic grade line at the culvert outlet to obtain the headwater.

If backwater calculations are performed beginning at the downstream end of the culvert, friction losses are
accounted for in the calculations. Adding the inlet loss to the energy grade linein the barrel at the inlet
resultsin the headwater elevation for each flow rate.

3. Roadway Overtopping

A performance curve showing the culvert flow as well as the flow across the roadway is a useful analysis
tool. Rather than using atrial and error procedure to determine the flow division between the overtopping
flow and the culvert flow, an overall performance curve can be developed. The performance curve depicts
the sum of the flow through the culvert and the flow across the roadway .
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The overall performance curve can be determined by performing the following steps.

& Step 1. Select arange of flow rates and determine the corresponding headwater elevations
for the culvert flow alone. These flow rates should fall above and below the design discharge

and cover the entire flow range of interest. Both inlet and outlet control headwaters should be
calculated.

2 Step 2. Combine the inlet and outlet control performance curves to define asingle
performance curve for the culvert.

& Step 3. When the culvert headwater elevations exceed the roadway crest elevation,
overtopping will begin. Calculate the equivalent upstream water surface depth above the
roadway (crest of weir) for each selected flow rate. Use these water surface depths and
Equation (8) to calculate flow rates across the roadway.

& Step 4. Add the culvert flow and the roadway overtopping flow at the corresponding
headwater elevations to obtain the overall culvert performance curve.

Using the combined culvert performance curve, it is an easy matter to determine the headwater elevation
for any flow rate, or to visualize the performance of the culvert installation over arange of flow rates.
When roadway overtopping begins, the rate of headwater increase will flatten severely. The headwater will
rise very slowly from that point on. Figure 111-16 depicts an overall culvert performance curve with

roadway overtopping. Example problem 111-4 illustrates the devel opment of an overall culvert performance
curve.
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C. Culvert Design Method

The culvert design method provides a convenient and organized procedure for designing culverts, considering inlet and
outlet control. While it is possible to follow the design method without an understanding of culvert hydraulics, thisis

not recommended. The result could be an inadequate and possibly unsafe structure.

1. Culvert Design Form

The Culvert Design Form, shown in Figure 111-17, has been formulated to guide the user through the design
process. Summary blocks are provided at the top of the form for the project description, and the designer's
identification. Summaries of hydrologic data of the form are also included. At the top right is a small

sketch of the culvert with blanks for inserting important dimensions and elevations.

The central portion of the design form contains lines for inserting the trial culvert description and
calculating the inlet control and outlet control headwater elevations. Space is provided at the lower center
for comments and at the lower right for a description of the culvert barrel selected.

Thefirst step in the design process is to summarize all known data for the culvert at the top of the Culvert
Design Form. Thisinformation will have been collected or calculated prior to performing the actual culvert
design. The next step is to select a preliminary culvert material, shape, size, and entrance type. The user
then enters the design flow rate and proceeds with the inlet control calculations.

2. Inlet Control

Theinlet control calculations determine the headwater elevation required to pass the design flow through
the selected culvert configuration in inlet control. The approach velocity head may be included as part of
the headwater, if desired. The inlet control nomographs of Appendix D are used in the design process. For
the following discussion, refer to the schematic inlet control nomograph shown in Figure 111-18.
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Figurelll-17--Culvert Design Form

a. Locate the selected culvert size (point 1) and flow rate (point 2) on the appropriate scales of
the inlet control nomograph. (Note that for box culverts, the flow rate per foot of barrel width

isused.)

b. Using a straightedge, carefully extend a straight line from the culvert size (point 1) through
the flow rate (point 2) and mark a point on the first headwater/culvert height (HW/D) scale
(point 3). Thefirst HW/D scaleisaso aturning line.

NOTE: If the nomographs are put into a notebook, a clean plastic sheet with a matte finish can
be used to mark on so that the nomographs can be preserved.

c. If another HW/D scale is required, extend a horizontal line from the first HW/D scale (the
turning line) to the desired scale and read the result.

d. Multiply HW/D by the culvert height, D, to obtain the required headwater (HW) from the
invert of the control section to the energy grade line. If the approach velocity is neglected, HW
equals the required headwater depth (HWi). If the approach velocity isincluded in the

calculations, deduct the approach velocity head from HW to determine HWi.

e. Calculate the required depression (FALL) of theinlet control section below the stream bed
asfollows:




HW, = EL,,- EL

FALL = HW,—- HW,

Where:
HW 4 isthe design headwater depth, ft (m)
ELh q is the design headwater elevation, ft (m)
EL d is the elevation of the streambed at the face, ft (m)
HWi is the required headwater depth, ft (m)

Possible results and consequences of this calculation are:
1. If the FALL isnegative or zero, set FALL equal to zero and proceed to step f.

2. If the FALL is positive, theinlet control section invert must be depressed below the
streambed at the face by that amount. If the FALL is acceptable, proceed to step f.

3. If the FALL is positive and greater than isjudged to be acceptable, select another
culvert configuration and begin again at step a.

f. Caculate the inlet control section invert elevation as follows:
EL. = EL_— FALL

where:
ELi istheinvert elevation at the face of a culvert (EL f) or at the throat of a culvert
with atapered inlet (ELt).
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Figurelll-18--Inlet Control Nomograph (schematic)

3. Outlet Control

The outlet control calculations result in the headwater elevation required to convey the design discharge
through the selected culvert in outlet control. The approach and downstream velocities may be included in
the design process, if desired. The critical depth charts and outlet control nomographs of Appendix D are

used in the design process. For illustration, refer to the schematic critical depth chart and outlet control
nomograph shown in Figure I11-19 and Figure I11-20, respectively.

a. Determine the tailwater depth above the outlet invert (TW) at the design flow rate. Thisis
obtained from backwater or normal depth calculations, or from field observations.
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Figurell1-19--Critical Depth Chart (schematic)

b. Enter the appropriate critical depth chart (Figure I11-19) with the flow rate and read the
critical depth (dc). dC cannot exceed D!

Note: The dC curves are truncated for convenience when they converge. If an accurate dc is
required for dC > .9D consult the Handbook of Hydraulics or other hydraulic references.

c. Caculate (dC + D)/2
d. Determine the depth from the culvert outlet invert to the hydraulic grade line (ho).
ho = TW or (d. + D)/2 whichever islarger.

e. From Table 12, Appendix D, obtain the appropriate entrance loss coefficient, ke, for the
culvert inlet configuration.
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f. Determine the losses through the culvert barrel, H, using the outlet control nomograph
(Figure 111-20) or Equation (5) or Equation (6) if outside the range of the nomograph.

& 1. If the Manning n value given in the outlet control nomograph is different than the
Manning n for the culvert, adjust the culvert length using the formula:

2

n

i (—1] ©
n

L : is the adjusted culvert length, ft (m),
L isthe actual culvert length, ft (m),



n, isthe desired Manning n value, and
n is the Manning n value from the outlet control chart.

Then, use L f rather than the actual culvert length when using the outlet control nomograph.

& 2. Using a straightedge, connect the culvert size (point 1) with the culvert length on the
appropriate ke scale (point 2). This defines a point on the turning line (point 3).

3. Again using the straightedge, extend aline from the discharge (point 4) through the
point on the turning line (point 3) to the Head Loss (H) scale. Read H. H is the energy loss
through the culvert, including entrance, friction, and outlet |osses.

Note: Careful alignment of the straightedge in necessary to obtain good results from the outlet
control nomograph.

g. Calculate the required outlet control headwater elevation.

EL, = EL_+ H+ h_ (1m

where:

EL0 istheinvert elevation at the outlet.

(If it isdesired to include the approach and downstream velocities in the calculations, add the
downstream velocity head and subtract the approach velocity head from the right side of
Equation (10). Also, use Equation (4c) instead of Equation (4d) to calculate the exit losses and

Equation (1) to calculate total losses.)

h. If the outlet control headwater elevation exceeds the design headwater elevation, a new
culvert configuration must be selected and the process repeated. Generally, an enlarged barrel
will be necessary since inlet improvements are of limited benefit in outlet control.

4. Evaluation of Results

Compare the headwater elevations calculated for inlet and outlet control. The higher of thetwo is
designated the controlling headwater elevation. The culvert can be expected to operate with that higher
headwater for at least part of the time.

The outlet velocity is calculated as follows:

a. If the controlling headwater is based on inlet control, determine the normal depth and
velocity in the culvert barrel. The velocity at normal depth is assumed to be the outlet velocity.

b. If the controlling headwater isin outlet control, determine the area of flow at the outlet
based on the barrel geometry and the following:
1. Critical depth if the tailwater is below critical depth.
2. Thetailwater depth if the tailwater is between critical depth and the top of the barrel.
3. Theheight of the barrel if the tailwater is above the top of the barrel.

Repeat the design process until an acceptable culvert configuration is determined. Once the
barrel is selected it must be fitted into the roadway cross section. The culvert barrel must have



adequate cover, the length should be close to the approximate length, and the headwalls and
wingwalls must be dimensioned.

If outlet control governs and the headwater depth (referenced to the inlet invert) isless than
1.2D, it is possible that the barrel flows partly full though its entire length. In this case, caution
should be used in applying the approximate method of setting the downstream elevation based
on the greater of tailwater or (dC + D)/2. If an accurate headwater is necessary, backwater

calculations should be used to check the result from the approximate method. If the headwater
depth falls below 0.75D, the approximate method should not be used.

If the selected culvert will not fit the site, return to the culvert design process and select
another culvert. If neither tapered inlets nor flow routing are to be applied, document the
design. An acceptable design should always be accompanied by a performance curve which
displays culvert behavior over arange of discharges. If tapered inlets are to be investigated,
proceed to Chapter 6.

If storage routing will be utilized, proceed to Chapter 5.

Special culvert installations, such as culverts with safety grates, junctions, or bends are
discussed in Chapter 6. Unusual culvert configurations such as"broken-back” culverts,

siphons, and low head installations are also discussed.

5. Example Problems

The following example problemsillustrate the use of the design methods and charts for selected culvert
configurations and hydraulic conditions. The problems cover the following situations (click on the
HotLinks to view the given example)::

Problem No. 1:

Circular pipe culvert, standard 2-2/3 by 1/2 in (68 by 13 cm) CMP with beveled edge and reinforced
concrete pipe with groove end. No FALL.

Problem No. 2:

Reinforced cast-in-place concrete box culvert with square edges and with bevels. No FALL.

Problem No. 3:

Elliptical pipe culvert with groove end and a FALL.
Problem No. 4:

Analysis of an existing reinforced concrete box culvert with square edges.
Example Problem #1

A culvert at a new roadway crossing must be designed to pass the 25-year flood. Hydrologic analysis
indicates a peak flow rate of 200 ft3/s. Use the following site information:

1. Elevation at Culvert Face: 100 ft
2. Natural Stream Bed Slope: 1 percent = 0.01 ft/ft
3. Talwater for 25-Y ear Flood: 3.5 ft



4. Approximate Culvert Length: 200 ft
5. Shoulder Elevation: 110 ft

Design acircular pipe culvert for this site. Consider the use of a corrugated metal pipe with standard 2-2/3
by 1/2 in corrugations and beveled edges and concrete pipe with a groove end. Base the design headwater
on the shoulder elevation with atwo ft freeboard (elevation 108.0 ft). Set the inlet invert at the natural

streambed elevation (no FALL).

Note: The following links show how the hardcopy design Chart 1, Chart 3, Chart 4, Chart
5, and Chart 6 were used in this solution:
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Example Problem #2

A new culvert at aroadway crossing is required to pass a 50-year flow rate of 300 ft3/s. Use the following

site conditions;

Gt B R

ELh g 110 ft based on adjacent structures

Shoulder Elev: 113.5 ft

Elevation of Stream Bed at Culvert Face: 100.0 ft.
Natural Stream Slope: 2 percent

Tailwater Depth: 4.0 ft




6. Approximate Culvert Length: 250 ft

Design areinforced concrete box culvert for thisinstallation. Try both square edges and
45-degree beveled edgesin a headwall. Do not depress the inlet (no FALL).

Note: Hardcopy Design Chart 8, Chart 10, Chart 14, and Chart 15 are used in this solution.

¢ CULVERT DESIGN FORM

Praject [Ex. Problem No. 2, Chap Il HDS-5 || Station [1+00 || Designer/Date: [, 7i15 |
Print Form | | hﬂ".’ﬂl‘ﬂﬂﬂ.l Load Form | sheet |§I | of |1 | Reviewer/Date: |‘-|r"'1N- /14 |
[ Method: [SCS | [ ] RO&DYWAT ELEvaTION [113.5 i
ELhd4
[ Drainage Area: [200 Ac [ Stream Slope: ] j
: : P = T S R ey
[ Channel Shape: |T|T=||:-ez|:||-:|al | r "7
[~ Routing: [ other: [ | o fEa000 | e sof02
Design Flows Tailwater S B ':'F“G'_NM R
Rl (years) Flowy [Ciz] T (1t EL; [&]| FaLL e,
[£0 W E | [+0 | Z
2= Eq-FALLS LS
| |1 | | L [F50 | s -[02
Tatal | flow ! Headwater Calculations Controll Qyelet
Flows barrel rol il head- | ygla-
@ e | WD) L | Fal ELy; | T d. d-:"‘ hg ke H ELpo | water | city Comments
[cf5] 41 [t ' () (d) (51 ,:5_:, (7 [#1 ol evatia
Cnc. Box G 5q.E300 &0 147 74 107.9 4.0 4.2 346 1032 1078 217 0Ok, Try Sm. Box
Cnc. Box 55" 5q.E300 60 1491 |96 1096 4.0 4.8 4.4 449 0.5 52 1061 (1096 |208 |Check Bewels
Cno. Boxf''S 46 Be300 60 171 865 - 1086 40 4% 49 489 02 46 1045 1036 208
TECHMICAL FOOTMOTES: [4] ELni= Hw « EL; [inwert of [E] ha= TW or [de « D82 MHICHEWER 1S GREATER
[1] U=e CWME For biow culwerts inlet control section ] 2 153
[2) Hwi iD= HWifD or Hw 4D from design charts (5) T based on down stream [71H= [1+ K.+ (29rLR" [ 129
| ar Flow depth in
(31 Fall= H'-.«.f (Elyg-EL=F); F all iz zero for contro S1EL.=EL_+H+h
culvérts an qrade channel. (%] Elte @ e
. AFFRO% IMATE F. sTREAMEED a7 | —emmentz/Discussion: CULWERT BARREL
f. CULVERTFACE GULYERTFARE  llewf' Booo will work with or without bewvels. Bewels provide additional flom || Size 5 FT. x5 FT.
hd.DEZIGH HEADWATER  tu. TAILWATER i
hi. HEADWATEF: IH INLET CONTROL capacity Shape Rectangular
ho. HEADWATER: IH OUTLET COHTROL hateral: [Conc. 012
:. Il:lt;IJLTELTnl?I:IHTFtDL ZECTION Entrance: |5q Edge, 90dag HLW,

Example Problem #3

Design a culvert to pass a 25-year flow of 220 ft3/s. Minimum depth of cover for this culvert is
2 ft.

EL ha 105 ft based on adjacent structures

Shoulder Elev.; 105.5 ft
Elevation of Stream Bed at Culvert
Face (EL Sf): 100 ft

Origina Stream Slope: 5 percent
Tailwater Depth: 4 ft
7. Approximate Culvert Length: 150 ft

OO\ G- R0ITEIRD e

Due to the low available cover over the conduit, use an elliptical concrete pipe. Use of a small



depression (FALL) of about 1 ft at the inlet is acceptable.
NOTE: Hardcopy Design Chart 29, Chart 31, and Chart 33 are used in this

solution.
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Example Problem #4

————————

GEOOWVE END

An existing 7 ft by 7 ft concrete box culvert was designed for a 50-year flood of 600 ft¥/s and a
design headwater elevation of 114 ft. Upstream development has increased the 50-year runoff

to 1,000 ft3/s. The roadway is gravel with awidth of 40 ft. The roadway profile may be
approximated as a broad crested weir 200 ft long. Use Figure I11-11 to calcul ate overtopping

flows, and the following site data:

1
2
e
4.
3,

Inlet Invert Elevation: 100 ft
Entrance Condition: Square Edges
Slope: 5 percent

Roadway Centerline Elevation: 116 ft
Culvert Length: 200 ft

Tailwater |nformation:

Flow, ft3/s

TW, ft



400 2.6

600 3.1
800 3.8
1000 4.1

Prepare a performance curve for this installation, including any roadway overtopping, up to a
flow rate of 1,200 ft 3/s.

NOTE: Hardcopy Design Chart 8, Chart 14, Chart 15, and Figure 111-11 are used

in this solution.
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Figurelll-21--Inlet Control Curves- Circular or Elliptical Structural Plate Corrugated
Metal Conduits

D. Design Methods for Culverts without Standard Design
Charts

Some culvert sizes, shapes, and materials do not have design nomographs and critical depth charts. For example, long
span, structural plate, corrugated metal conduits do not have standard design charts. Developing design charts for all
possible conduit shapes and sizesis not practical because they are so numerous and new shapes are constantly being
produced. Also, the large size conduits tend to fall outside the nomograph scales. With some modification, usual culvert
hydraulic techniques can be used to analyze these culverts.

For outlet control, the analysis includes pressure flow and backwater calculations to determine the headwater. Since the
inlet has not been modeled, the inlet control equations are necessarily based on hydraulic test results from similar tested
conduit shapes. Appendix A contains approximate inlet control equations for nonrectangular conduits with a variety of

edge conditions.

1. Inlet Control

In order to facilitate the design process, the appropriate inlet control equations of Appendix A have been

used to develop dimensionlessinlet control design curves for selected conduit shapes and edge
configurations. The curves of Figure I11-21 and Figure 111-22 are for nonrectangular, structural plate

corrugated metal conduits of two basic shapes and four inlet edge conditions. Figure I11-21 isfor circular or
elliptical conduits with the long horizontal axis at the mid-point of the barrel. Figure I11-22 is used for high
and low profile structural plate arches.
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The curvesin these figures are for four different inlet edge conditions: thin edge projecting, mitered,
square-edge, and 45-degree bevels. The horizontal axis of the chart isflow rate divided by the areatimes
the square root of barrel height (Q/ADo.5) and the vertical axis is headwater depth divided by barrel height
(HW/D). Figure 111-21 will provide adequate results for any conduit with curved surfaces, including

pipe-arches and underpasses.Figure 111-22 is used for conduits similar to arches with flat bottoms.

To use the figures, perform the following steps:

. From manufacturers information, select a barrel size, shape and inlet edge configuration. Obtain the
area, A, and the interior height, D, for the selected barrel.

Calculate ADo.s.

Divide the design flow rate, Q, by ADos.

Enter the appropriate design chart with Q/ADo.5 , and for the selected edge condition, read HW/D.
Multiply HW/D by D to obtain the face control headwater, HW.

If it isdesired to take credit for the approach velocity (V u) in the calculations, deduct the approach
velocity head (Vu2/2g) from HW to obtain the face control headwater, HWf. If Vu is neglected, set

HWf egual to HW.

- o Q 0 T

0. If theinlet control headwater is higher than the design headwater, or if the conduit is oversized,
select another conduit size and/or inlet edge condition and return to step a.

2. Outlet Control

a. Partly Full Flow. Large conduits, such as long span culverts, usually flow partly full
throughout their lengths. In addition, the invert of the culvert is often unlined. In these
Situations it is advisable to perform backwater calculations to determine the headwater
elevation.

The backwater calculations begin at the tailwater level or at critical depth at the culvert exit,



whichever is higher. Hydraulic resistance values for the backwater calculations are contained
in Hydraulic Flow Resistance Factors for Corrugated Metal Conduit. (25) Data from that
reference are included in Appendix B. Selected resistance values for natural channels are
found in Table 11 of Appendix D. Note that when the perimeter of the conduit is constructed
of two or more materials, a composite resistance value should be used. Methods of calculating
composite resistance values are discussed in Appendix B.

b. Eull Flow. If the conduit flows full or nearly full throughout its length, Equation (7) may be
used to calculate the outlet control headwater depth.

HW =TW+H, @

H isthe total loss through the culvert barrel which is calculated using Equation (1) or Equation
(5). TW iseither the tailwater depth or (dC + D)/2, whichever islarger. Values of critical depth

for most conduits are provided in the manufacturers information. In Equation (5), the

hydraulic radius and velocity are full flow values. The Manning n value is a composite value
when more than one materia is used in the perimeter of the conduit.

3. Discussion of Results

The inlet control headwater obtained from Figure 111-21 or Figure 111-22 includes the approach vel ocity

head. Therefore, credit may be taken for the approach velocity head in determining the required headwater
pool depth.

In outlet control, the same limitations on use of the approximate backwater method apply as for culverts
with design charts. That is, if the headwater (referenced to the inlet invert) falls between 1.2D and 0.75D,
use the results with caution. For large, expensive installations, check the results using backwater
calculations. If the headwater falls below 0.75D do not use the approximate method. Perform backwater
calculations as illustrated in the following example problem.

4. Example Problem

Problem No. 5: Design of along span structural plate corrugated meta elliptical culvert.

Use along span culvert to pass the 25-year flood of 5,500 ft3/s under a high roadway fill. The design flow
should be below the crown of the conduit at the inlet, but the check flow (100-year flow) of 7,500 ft3/s may
exceed the crown by not more than 5 feet. Use the following site conditions:

1. EL, 240 ft
Elevation of Stream Bed at Culvert Face (EL Sf): 220 ft

Shoulder Elevation: 260 ft
Stream Slope (SO): 1.0 percent

Approximate Culvert Length: 200 ft
Tailwater Depth: 16 ft for Q = 550 ft3/s, 19 ft for Q = 7500 ft3/s

U vl 2 1N

Design an elliptical structural plate corrugated metal conduit for this site. Use a headwall to provide a
square edge condition. Corrugations are 6-in by 2-in.



Solution to Example Problem No. 5

Try a 30 foot (span) by a 20 foot (rise) elliptical structural plate conduit for this site. From manufacturer's
information, A = 487.5 ft2 and D = 20 ft. Neglect the approach velocity.

Inlet Control:

AD™ = (487.5)(20)"° = 2180
Q/AD" =252
Based on Chart 51, HW/D = 0.90, therefore:

HW = HW, = (0.90)(20) = 18 ft

EL,,=220+18=238011
For the check flow:

Q/AD" =344
Based on Figure 111-21, HW/D = 1.13, therefore:

HW = HW, = (113)(20) = 226 1t
EL, =220 +226=24261t

Outlet Control:

Backwater calculations will be necessary to check Outlet Control.

Backwater Calculations

From hydraulic tables for elliptical conduits (60):
for Q = 5,500 ft¥/s, dC = 1241t

for Q = 7,500 ft¥/s, dC =146 1t
Since TW > dc, start backwater calculations at TW depth.
Determine normal depths (dn) using hydraulic tables.

for Q = 5,500 ft3/s, n = 0.034 ;
d =13.1ft

for Q = 7,500 ft3/s,;n = 0.034 ;
d =16.7ft

since dn > dc, flow is subcritical



since TW > dn, water surface has an M-1 profile

Plot Area and Hydraulic Radius vs. depth from data obtained from tables.

db d ABD A RD R

0.65 13.0 0.5537 332.2 0.3642 7.28
0.70 14.0 0.6013 360.8 0.3781 7.56
0.75 15.0 0.6472 388.3 0.3886 7.77
0.80 16.0 0.6908 414.5 0.3950 7.90
0.85 17.0 0.7313 438.8 0.3959 7.92
0.90 18.0 0.7671 460.3 0.3870 7.74
0.95 19.0 0.7953 477.2 0.3649 7.30
1.00 20.0 0.8108 486.5 0.3060 6.12

Complete Water Surface Computations (see attached calculation sheet).
HW = specific head (H) + ke (V#29)

Neglecting approach velocity head :

for Q = 5,500 ft¥/s:
HW = 18.004 + (0.5)(3.208) = 19.6 ft
ELho =220 + 19.6 = 239.6 ft

for Q = 7,500 ft¥/s.
HWf = 22.627 + (0.5)(3.89) = 24.6 ft

ELho =220+ 24.6 = 244.6 ft

Summary

DESIGN Q:
ELhg ELn  Elpo
240.0 238.0 239.6

CHECK Q
ELha  Ebni Elpo
245.0 2426 2446

This culvert design meets the requirements stated in the problem.
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(\ Chapter 4 : HDS 5
Tapered Inlets

Go to Chapter 5

A. Introduction

A tapered inlet isaflared culvert inlet with an enlarged face section and a hydraulically efficient throat section. A tapered
inlet may have adepression, or FALL, incorporated into the inlet structure or located upstream of the inlet. The depression
is used to exert more head on the throat section for a given headwater elevation. Therefore, tapered inlets improve culvert
performance by providing a more efficient control section (the throat). Tapered inlets with FALLSs also improve
performance by increasing the head on the throat.

Inlet edge configuration is one of the prime factors influencing the performance of a culvert operating ininlet control. Inlet
edges can cause a severe contraction of the flow, asin the case of athin edge projecting inlet. In aflow contraction, the
effective cross-sectional area of the barrel may be reduced to about one half of the actual available barrel area. Astheinlet
edge configuration is improved, the flow contraction is reduced, thus improving the performance of the culvert. Asan
example, inlet edge improvement can be achieved by the installation of a concrete headwall with a square edged entrance on
athin edge projecting inlet. Additional performance increases are possible by the installation of beveled edges or by
retaining the groove end on a concrete pipe culvert.

In outlet control, the inlet edge configuration is just one of many factors affecting culvert performance. Improved edge
conditions reduce the inlet loss coefficient, K, which is multiplied by the velocity head to determine the energy |losses at the

culvert inlet as shown in Equation (4a).

Values of K, vary from 0.9 for thin edge projecting entrances to 0.2 for beveled edges or groove ends. Still lower K values

can be obtained by using specially designed inlets with rounded edges. Unfortunately, the construction difficulties for these
inlets often outweigh the hydraulic benefits.

The entrance of any culvert operating in inlet control can be depressed to obtain better performance, regardless of the inlet
configuration. However, edge conditions are normally improved first and then an inlet depression is applied. The purposeis
to provide more head on the inlet control section for a given headwater elevation. This design technique utilizes part of the
available elevation head to force the flow into the culvert entrance. Otherwise, the head is expended in accelerating the flow
down the steep culvert barrel, possibly causing erosion at the downstream end of the culvert.

Tapered inletsimprove culvert performance primarily by reducing the contraction at the inlet control section whichis
located at the throat. Secondarily, some tapered inlet configurations also depress the inlet control section below the stream
bed. The hydraulic performance of tapered inlets is better than the performance of beveled edges for culverts operating in
inlet control. In outlet control the performance of tapered inlets is effectively the same as for inlets with beveled edges. An
entrance | oss coefficient (Kg) of 0.2 is used for both tapered inlets and beveled edges. Tapered inlets are not recommended

for use on culverts flowing in outlet control because the simple beveled edgeis of equal benefit.

Design criteria and methods have been devel oped for two basic tapered inlet designs: the side-tapered inlet and the
slope-tapered inlet. Tapered inlet design charts are available for rectangular box culverts and circular pipe culverts. The
same principles apply to other culvert barrel shapes, but no design charts are presently available for other shapes. The
side-tapered inlet can be installed with or without a depression upstream of the face. There are two configurations of the
slope-tapered inlet, one with a vertical face and one with its face mitered to thefill slope.
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FigurelV-1--Side-Tapered Inlet

The inlet configurations presented in this manual are based on research conducted at the National Bureau of Standards
(NBS) under the sponsorship of the Bureau of Public Roads. (7, 9, 10) Many improved inlet configurations were tested;
however, only those determined to best satisfy the criteria of hydraulic efficiency, economy of materias, ssmplicity of
construction, and minimization of maintenance problems were selected. For example, while the use of curved surfaces rather
than plane surfaces might result in slightly improved hydraulic efficiency at times, the advantages are outweighed by the
construction difficulties. Therefore, only plane surfaces are utilized in the recommended designs.

B. Descriptions of Tapered Inlets

1. Side-Tapered

The side-tapered inlet has an enlarged face section with the transition to the culvert barrel accomplished by
tapering the side walls. (Figure 1V-1) The face section is about the same height as the barrel height and the inlet

floor isan extension of the barrel floor. The inlet roof may slope upward slightly, provided that the face height
does not exceed the barrel height by more than 10 percent (1.1D). The intersection of the tapered sidewalls and
the barrel is defined as the throat section.

There are two possible control sections, the face and the throat. HW;, shown in Figure V-1, is the headwater
depth measured from the face section invert and HW, is the headwater depth measured from the throat section
invert.

The throat of a side-tapered inlet is avery efficient control section. The flow contraction is nearly eliminated at
the throat. In addition, the throat is always slightly lower than the face so that more head is exerted on the throat
for agiven headwater elevation.

The beneficia effect of depressing the throat section below the stream bed can be increased by installing a
depression upstream of the side-tapered inlet. Figure 1 V-2 and Figure IV -3 show two methods of constructing
the depression. Figure I V-2 depicts a side-tapered inlet with the depression contained between wingwalls. For
this type of depression, the floor of the barrel should extend upstream from the face a minimum distance of D/2
before sloping upward more steeply.Figure 1V -3 shows a side-tapered inlet with a sump upstream of the face.
Dimensional limitations for the designs are shown. In both cases, the length of the resultant upstream crest
where the slope of the depression meets the stream bed should be checked to assure that the crest will not




control the flow at the design flow and headwater. If the crest length istoo short, the crest may act as aweir
control section. For depressed side-tapered inlets, both the face section and the throat section have more head
exerted on them for a given headwater elevation. The increased head resultsin a smaller required throat section.
Likewise, the required size of the face is reduced by the increased head. Beveled edges or other favorable edge
conditions also reduce the required size of the face.
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FigurelV-2--Side-Tapered Inlet with Upstream Depression Contained Between Wingwalls

2. Slope-Tapered

The slope-tapered inlet, like the side-tapered inlet, has an enlarged face section with tapered sidewalls meeting
the culvert barrel walls at the throat section. (Figure 1V-4) In addition, avertical FALL isincorporated into the
inlet between the face and throat sections. This FALL concentrates more head on the throat section. At the
location where the steeper slope of the inlet intersects the flatter slope of the barrel, athird section, designated
the bend section, is formed.

A slope-tapered inlet has three possible control sections, the face, the bend, and the throat. Of these, only the
dimensions of the face and the throat section are determined by the design procedures of this manual. The size
of the bend section is established by locating it a minimum distance upstream from the throat.

The slope-tapered inlet combines an efficient throat section with additional head on the throat. The face section
does not benefit from the FALL between the face and throat; therefore, the face sections of these inlets are
larger than the face sections of equivalent depressed side-tapered inlets. The required face size can be reduced
by the use of bevels or other favorable edge configurations. The vertical face slope-tapered inlet designis
shown in Figure 1V-4 and the mitered face design is shown in Figure 1V-5.
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The mitered face slope-tapered inlet design is more complicated than the vertical face design. A hypothetical
face section is located downstream of the weir crest formed where the extension of the fill slope meets the
stream bed. The face section is defined by a perpendicular line extending to the FALL slope from the top edge
of theinlet, neglecting bevels.

The slope-tapered inlet is the most complex inlet improvement recommended in this manual. Construction
difficulties are inherent, but the benefitsin increased performance can be great. With proper design, a
slope-tapered inlet passes more flow at a given headwater elevation than any other configuration.

Slope-tapered inlets can be applied to both box culverts and circular pipe culverts. For the latter application, a
square to round transition is normally used to connect the rectangular slope-tapered inlet to the circular pipe.




C. Hydraulics

1. Inlet Control

Tapered inlets have severa possible control sections including the face, the bend (for slope-tapered inlets), and
the throat. In addition, a depressed side-tapered inlet has a possible control section at the crest upstream of the
depression. Each of these inlet control sections has an individual performance curve. The headwater depth for
each control section is referenced to the invert of the section. One method of determining the overall inlet
control performance curveisto calculate performance curves for each potential control section, and then select
the segment of each curve which defines the minimum overall culvert performance.(Figure 1V-6)

If the dimensional criteria of this publication are followed, the crest and the bend sections will not function as
control sections over the normal range of headwaters and discharges. The crest of the depression may function
as acontrol section for very low flows and headwaters but thisis generally not of importance in design. Figure
1V-6 depicts performance curves for each of the potential inlet control sections and the overall inlet control
performance curves.
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The design procedures for tapered inlets include checks on crest lengths for both depressed side-tapered inlets
and slope-tapered inlets with mitered faces. Aslong as the actual crest length exceeds a certain minimum value,
there is no need to construct a crest performance curve. Also, if the bend section is located a minimum distance
of D/2 upstream of the throat section, the bend will not control and the bend section performance curve does
not need to be calculated.

Theinlet control equations for tapered inlets are given in Appendix A. The coefficients and exponents for each
control section were developed based on the NBS hydraulic tests. All of the previously described control
sections function in amanner similar to weirs for unsubmerged flow conditions, and in.a manner similar to
orifices for submerged flow conditions. For each section, there is a transition zone defined by an empirical
curve connecting the unsubmerged and submerged curves.

a. Side-tapered Inlet. The side-tapered inlet throat should be designed to be the primary control
section for the design range of flows and headwaters. Since the throat is only slightly lower than
the face, it islikely that the face section will function as aweir or an orifice with downstream
submergence within the design range. At lower flow rates and headwaters, the face will usually
control the flow.




b. Slope-tapered Inlet. The slope-tapered inlet throat can be the primary control section with the
face section submerged or unsubmerged. If the face is submerged, the face acts as an orifice with
downstream submergence. If the face is unsubmerged, the face acts as a weir, with the flow
plunging into the pool formed between the face and the throat. As previously noted, the bend
section will not act as the control section if the dimensional criteria of this publication are
followed. However, the bend will contribute to the inlet losses which are included in theinlet loss
coefficient, ke.

2. Outlet Control

When a culvert with atapered inlet performsin outlet control, the hydraulics are the same as described in
Chapter 3 for al culverts. The factors influencing flow in outlet control are shown in Table 1. (Chapter 1) The
inlet areaisthe area of the face section, the inlet edge configuration describes the type of tapered inlet as well
as the face edge conditions, and the shape is either circular or rectangular. The barrel characteristics refer to the
barrel portion of the culvert, downstream of the throat section, except that the barrel length includes the length
of the tapered inlet, and the barrel slope may be flatter than the natural stream bed slope.

Equation (5) in Chapter 3 describes the losses in outlet control. The tapered inlet entrance loss coefficient (Ke)
is 0.2 for both side-tapered and slope-tapered inlets. This loss coefficient includes contraction and expansion
losses at the face, increased friction losses between the face and the throat, and the minor expansion and
contraction losses at the throat.

The headwater depth in outlet control is measured from the invert of the culvert exit. Equation (5) or the outlet

control nomograph for the appropriate barrel size is used to determine the total losses through the culvert.
Equation (7) is then used to calculate the headwater depth, where the tailwater (TW) is taken to be either (d. +

D)/2 or the downstream channel depth, whichever islarger.

3. Outlet Velocity

Outlet velocities for culverts with tapered inlets are determined in the same manner as described in Chapter 3.

Note that when aFALL isused at theinlet, the barrel slopeisflatter than the stream slope and is calculated as
follows.

EL, — EL
5= : L (113
La_ Ll

Sisthe approximate barrel slope, ft/ft (m/m)
EL;istheinvert elevation at the throat, ft (m)

EL, istheinvert elevation at the outlet, ft (m)
L 5 isthe approximate length of the culvert, ft (m)
L, isthe overall length of the tapered-inlet, ft (m)

D. Performance Curves

Performance curves are of utmost importance in understanding the operation of a culvert with atapered inlet. Each potential
control section (face, throat, and outlet) has a performance curve, based on the assumption that that particular section
controls the flow. Calculating and plotting the various performance curves resultsin a graph similar to Figure V-7,



containing the face control, throat control and outlet control curves. The overall culvert performance curve is represented by

the hatched line. In the range of lower discharges face control governs; in the intermediate range, throat control governs; and
in the higher discharge range, outlet control governs. The crest and bend performance curves are not calculated since they do
not govern in the design range.

Constructing performance curves for culverts with tapered inlets hel ps to assure that the designer is aware of how the culvert
will perform over arange of discharges. For high discharges, the outlet control curve may have avery steep slope which
means that the headwater will increase rapidly with increasing discharge. Since there is a probability that the design
discharge will be exceeded over the life of the culvert, the consequences of that event should be considered. Thiswill help to
evaluate the potential for damage to the roadway and to adjacent properties.
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FigurelV-7--Culvert Performance Curve (schematic)

16 - o
1 —— Inlet Contral - Sguare Edyge

Breen e S Inlet Contral - Beveled Edge
14 |- *—-— Inlet Control - Side Taperad Inlet
4 ——— |nlet Contral - Slope Tapered Inlet, Fall =31t

S — — oullet Control - Syuare Edye
12 |- & —==— Cullet Cordral - Bevelad Edy
Side-Tapered Inlet &

Slape-Taperad Inlet /

—
oo =
I

HeadWfater Depth, ft

. L I
Ofn 00 200 300, 400 500 600
Dizcharge, 31

Figure 1V-8--Perfor mance Curvesfor 6 ft by 6 ft Box Culvert with 90-degree Wingwall

Performance curves provide a basis for the selection of the most appropriate culvert design. For example, culvert designs
with and without tapered inlets can be compared and evaluated using performance curves. (Figure | V-8)

Performance curves are useful in optimizing the performance of a culvert. By manipulating the depressions of the face and
throat sections, it is often possible to achieve a higher flow rate for a given headwater elevation, or to pass the same flow at a



lower headwater. A more detailed description of the use of performance curvesinimproved inlet designis presented in
Appendix C.
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FigurelV-9--Tapered Inlet Design Form

E. Design Methods

Tapered inlet design begins with the selection of the culvert barrel size, shape, and material. These calculationsare
performed using the Culvert Design Form shown in Figure 111-17. The tapered-inlet design calculation forms and the design
nomographs contained in Appendix D are used to design the tapered inlet. The result will be one or more culvert designs,
with and without tapered inlets, all of which meet the site design criteria. The designer must select the best design for the
site under consideration.

In the design of tapered inlets, the goal isto maintain control at the efficient throat section in the design range of headwater
and discharge. Thisis because the throat section has the same geometry as the barrel, and the barrel is the most costly part of
the culvert. Theinlet face is then sized large enough to pass the design flow without acting as a control section in the design
discharge range. Some slight oversizing of the face is beneficial because the cost of constructing the tapered inlet is usually
minor compared with the cost of the barrel.

The required size of the face can be reduced by use of favorable edge configurations, such as beveled edges, on the face
section. Design nomographs are provided for favorable and less favorable edge conditions.

The following steps outline the design process for culverts with tapered inlets. Steps 1 and 2 are the same for all culverts,



with and without tapered inlets.

J Step 1. Preliminary Culvert Sizing. Estimate the culvert barrel size to begin calculations.

3 Step 2. Culvert Barrel Design. Complete the Culvert Design Form. (Figure 111-17) These calculations yield the
required FALL at the culvert entrance. For the inlet control calculations, the appropriate inlet control nomograph is used for
the tapered inlet throat. The required FALL is upstream of the inlet face section for side-tapered inlets and is between the
face section and throat section for slope tapered inlets. The Culvert Design Form should be completed for al barrels of
interest. Plot outlet control performance curves for the barrels of interest and inlet control performance curves for the faces

of culverts with nonenlarged inlets and for the throats of tapered inlets.

J Step 3. Tapered Inlet Design. Use the Tapered Inlet Design Form (Figure 1V-9) for selecting the type of tapered inlet
to be used and determining its dimensions. If a slope-tapered inlet with mitered face is selected, use the special design form

shown in Figure 1V-10. A separate form is provided for the mitered inlet because of its dimensional complexity.

To usethe Tapered Inlet Design Form (Figure VV-9) or the design form for a slope-tapered inlet with mitered face (Figure

V-10), perform the following steps:

< MITERED INLET DESIGN =] EX

Sd-1
[y ESH—J 0
GBS 1
[2] EL Face innert = EL=tream
bed at creat -y
[3)HW= ELy;- EL Face invert
Mo :E-D
[&] From design charts
[E] Min B = CHICHE:
[71Min Ly= 0.GNE

[B1Ly= S+ D05
[91 L= [EL crestinvert - EL throat inwvert]S; - Ly
"""if L is negative do nok use this inlet

(10] Check, LEFfEL Taper - Ly
() F (10 5 [5) ] Ly= -fﬁ] Taper- Ly

[(12] i (3] » 10 ] Taper = (Le Ldf[ﬁfﬁ]

3Ly = L Ly Ly
[H]HW. = EL -EL crestinvert
(15) Min W = 0.35 QY (W,
i L
(16) W = NE + 2 [TapEJ
it w < MWlin W Adj Taper

Froject =tation DesignerDate:
m Sheet of Reviewer/Date:
DESIGH DATA: N | | B | 1] | | : COWMENTS
o |:|= |:|cf5; ELhiI__—Iﬁ &
EL. throat invert I:I ft EL. stream bed at crest I:lft
Fau|:|fr Taper |:|:|:4:1 TOB:A) Zoom Sketch |
=tream slope, S |:|1'-t.-‘ﬁ Barrel slope, = ftift ; _ '
Slope of the embankment Sa I_I 4 S ’J__:T:EIH TO 313 :
Barrel zhape and material |
Inlet edge description |
O | Ely |Theset| v E.E:E?: Hufe | Hwy %f e rté‘f: “1 g vl PR ErEE P 3" L T L MIR. |
(ct] "t e @ W | m | m @ | e | @ | opoy | oy | oe | os | ™ [ e | s | e

Selected Design
] 1
L L

Bevels angle
b= |
Taper 1
5 1

|in in
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a. Complete Design Data. Fill in the required design data on the top of the form.

1. Flow, Q, isthe selected design flow rate, from the Culvert Design Form,Figure I11-17.




2. EL} istheinlet control headwater €levation.

3. The elevation of the throat invert (EL,) isthe inlet invert elevation (EL;) from Figure I11-17.

4. The elevation of the stream bed at the face (EL ), the stream slope (S;), and the slope of the barrel (S) are
from Figure 111-17. (For the slope-tapered inlet with mitered face, estimate the elevation of the stream bed at the
crest. This point is located upstream of the face section).

5. The FALL isthe difference between the stream bed elevation at the face and the throat invert elevation.
6. Select aside taper (TAPER) between 4:1 and 6:1 and afall slope (Sf) between 2:1 and 3:1. The TAPER may

be modified during the calculations.
7. Enter the barrel shape and material, the size, and the inlet edge configuration from Figure 111-17. Note that

for tapered inlets, theinlet edge configuration is designated the "tapered inlet throat."
b. Calculate the Face Width.

1. Enter the flow rate, the inlet control headwater elevation (EL,,), and the throat invert elevation on the design

forms. (For the slope-tapered inlet with mitered face, the face section is downstream of the crest. Calculate the
vertical difference between the stream bed at the crest and the face invert (y). y includes part of the total inlet
FALL.)

2. Perform the calculations resulting in the face width (Bs). Face control design nomographs are contained in

Appendix D.
c._Calculate Tapered-Inlet Dimensions. If the FALL islessthan D/4 (D/2 for a slope-tapered inlet with a

mitered face), a side-tapered inlet must be used. Otherwise, either a side-tapered inlet with a depression
upstream of the face or a slope-tapered inlet may be used.

1. For a slope-tapered inlet with a vertical face, calculate L, L3, and the TAPER. (For the slope-tapered inlet
with amitered face, calculate the horizontal distance between the crest and the face section invert L 4. These
dimensions are shown on the small sketchesin the top center of the forms.)

2. Calculate the overall tapered inlet length, L ;.

3. For aside-tapered inlet, check to assure that the FALL between the face section and the throat section is one
foot or less. If not, return to step b. with arevised face invert elevation.

d. Calculate the Minimum Crest Width. For a side-tapered inlet with FALL upstream of the face or for a
slope-tapered inlet with a mitered face, cal culate the minimum crest width and check it against the proposed
crest width. In order to obtain the necessary crest length for a depressed side-tapered inlet, it may be necessary
to increase the flare angle of the wingwalls for the type of depression shown in Figure 1V-2, or to increase the
length of crest on the sump for the design shown in Figure 1V-3. For a slope-tapered inlet with a mitered face,
reduce the TAPER to increase crest width. Note that the TAPER must be greater than 4:1.

e. Fit the Design into the Embankment Section. Using a sketch based on the derived dimensions, and a sketch
of the roadway section to the same scale, assure that the culvert design fits the site. Adjust inlet dimensions as
necessary but do not reduce dimensions below the minimum dimensions on the design form.

f. Prepare Performance Curves. Using additional flow rate values and the appropriate nomographs, calculate a
performance curve for the selected face section. Do not adjust inlet dimensions at this step in the design
process. Plot the face control performance curve on the same sheet as the throat control and the outlet control
performance curves.

g. Enter Design Dimensions. If the design is satisfactory, enter the dimensions at the lower right of the Design
Form. Otherwise, calcul ate another alternative design by returning to step 3a.

J Step 4. Dimensional Limitations. The following dimensional limitations must be observed when designing tapered
inlets using the design charts of this publication.

a. Side-Tapered Inlets.
1. 4H:1V < TAPER<G6H :1V



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

2. Wingwall flare angle range from 15-degrees to 26-degrees with top edge beveled or from 26-degrees to 90-degrees
with or without bevels. (Figure IV-11)

3. If aFALL isused upstream of the face, extend the barrel invert slope upstream from the face a distance of D/2 before
sloping upward more steeply. The maximum vertical slope of the apronis 2 (horizontal):1 (vertical).

4. D<E<1.1D

b. Slope-tapered Inlets.
1. 4H:1V <TAPER<6H :1V

(Tapers> 6H : 1V may be used, but performance will be underestimated.)
2. 3H:1V >S>2H 1V

If S> 3H : 1V, use side-tapered design.
3. Minimum L3 = 0.5B

4. D/4<FALL <1.5D
i. For FALL < D/4, use side-tapered design
ii. For FALL < D/2, do not use the slope-tapered inlet with mitered face

iii. For FALL > 1.5D, estimate friction losses between the face and the throat by using Equation (12) and
add the additional losses to HW;.

29n°L, | @
R1.33 ngE

H, = (12

where:

H; isthe friction head loss in the tapered inlet, ft (m)

n isthe Manning n for the tapered inlet material

L, isthe length of the tapered inlet, ft (m)

R isthe average hydraulic radius of the tapered inlet = (A + A)/(P; + Py, ft (m)
Q istheflow rate, ft3/s (md3/s)

g isthe gravitational acceleration, ft/s/s (m/s/s)

A isthe average cross sectional area of the tapered inlet = (A + Ay)/2, ft2 (m?).

5. Wingwall flare angles range from 15-degrees to 26-degrees with top edge beveled or from 26-degrees to 90-degrees
with or without bevels. (Figure 1V-11)

F. Rectangular (Box) Culverts




1. Design Procedures

This section supplements the general design procedures described previously with information specifically
related to rectangular box culverts. The design charts for throat and face control for tapered inlets are contained
in Appendix D. Thereis asingle throat control nomograph for side-or slope-tapered rectangular inlets.

Y

g e
= B i il
a Rt =] TaPEAED
ks ISLET
- 5 LT T N SR Sy
3 = TEL T
—" SELTION
o k
= _| L
’_,_L-"'E-E-LL oAl
= ELLDW]
TagE lr:-f-l:Eﬁ 5
SECTIGH TPE S SR - - TRPESZE
N0 EIDE BEVE e N LE TR ﬂi:x?ul?i IHEET -
LR T e : il
= Ejlf o iﬁ;_ e T
e P - P OESIELE [y = WIEGRELLS
Wik EaLLE 3 t
= LS W
3 SASE | T CASE 2
o T 26T WIKGWALL FLARE AMGLES | 267 TO 0% WINGWALL FLARE ANGLES
TP HEWEL FEQUIREL 40 TOP BEVEL REQUIRED
M SI0E BEVEL REQWIRED ML BOE BEVEL REQUIRED
FaiE ]
dred  CROCRED
SEZT IO L WLET
= ﬂ""_ﬂrﬁ
™
- 5 T EEREL ABIUIED
LR L. E LA BEWE L War BE 1500
ud }'\
A
3 : “i
Ak
“'""' CASE | CASE 2
PETEL AR WINGAALL FLARE AHEES [ AT TO 907 WIRGWALL FLARE AMGLES
TOF BEVEL RECUIRED TOP BEVEL REGUIRED
MG SICE SEVELREQUIRED SICE BEVEL REDUIFRED

FigurelV-11--Inlet Edge Conditions, Face Section, Rectangular Tapered Inlets

For determining the required face width, there are two nomographsin Appendix D, one for side-tapered inlets
and one for slope-tapered inlets. Each nomograph has two scales, and each scale refers to a specific inlet edge
condition. The edge conditions are depicted in Figure V-11. Both the inlet edge condition and the wingwall

flare angle affect the performance of the face section for box culverts.

Scale 1 on the design nomographs refers to the less favorable edge conditions, defined as follows:
. wingwall flares of 15-degreesto 26-degrees and a 1:1 top edge bevel, or
b. wingwall flares of 26-degrees to 90-degrees and square edges (no bevels). A 90-degree wingwall flareis
astraight headwall.
Scale 2 applies to the more favorabl e edge conditions, defined as follows:
. wingwall flares of 26-degrees to 45-degrees with 1:1 top edge bevel, or
b. wingwall flares of 45-degrees to 90-degrees with a 1:1 bevel on the side and top edges.

NOTE: undesirable design features, such as wingwall flare angles less than 15-degrees, or 26-degrees without a
top bevel, are not covered by the charts. Although the large 33.7 degree bevels can be used, the smaller 45



degree bevels are preferred due to structural considerations.

2. Multiple Barrel Designs

When designing side-or slope-tapered inlets for box culverts with double barrels, the required face width
derived from the design procedures is the total clear width of the face. The thickness of the center wall must be
added to this clear width to obtain the total face width.

No design procedures are available for tapered inlets on box culverts with more than two barrels.

3. Example Problems
Example Problem #1

The 50-year flood at the design site has a peak flow of 400 ft3/s. The EL 4 of 195 ft is selected so that
overtopping of the road-way will not occur for the design discharge.

Given:

Elevation of Outlet Invert: 172.5 ft.
Elevation of Shoulder: 196 ft.
Stream Bed Slope: 5 %
Approximate Culvert Length: 300 ft.
The Tallwater Variation as Follows:

Flow (ft3/S) T.W. (ft)

300 4.4
400 4.9
500 5.3

Requirements:

Design the smallest possible barrel to pass the peak flow rate without exceeding the EL 4. The culvert will be

located inarural areawith alow risk of damage. Underground utilities limit the available FALL to 2.5 ft.
below the standard stream bed elevation at the inlet. Use areinforced concrete box culvert with n=0.012.

Note:Chart 14, Chart 15, Chart 57, Chart 58, and Chart 59 are used in this solution.

Conclusions:

Use a slope-tapered inlet with a vertical face since it isthe smallest inlet in this case. Note that since the Fall is
less than D/2, a slope-tapered inlet with a mitered face cannot be used at this site.

Dimensions:

B=5ft. D=5ft.
Bf: 8 ft.

TAPER = 4.33H:1V
S =2H: 1V

L]_: 6.5 ft

L2 =4.0ft



Ly=25ft
Entrance: 26-degree to 90-degree wingwalls with no bevels.
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Example Problem #2

From example problem no. 4, Chapter 3, an existing 7 ft by 7 ft concrete box culvert was originally designed
for a50-year flood of 600 ft¥/s and an EL 4 of 114 ft. Upstream development has increased the 50-year runoff
to 1,000 ft¥/s.

Given:

Inlet Invert Elevation:  100ft.

Existing Entrance Condition: Square edge
Barrel Slope (S): 5%

Roadway Centerline Elevation: 115.5 ft.
Culvert Length:  200ft.



Flow,

e L W)
800 3.8
1,000 4.1
1,200 45

Requirements:

In order to save the existing culvert barrel, design a new side-tapered inlet that will pass the new 50-year runoff
of 1,000 ft3/S at the original EL 4 of 114.0 ft. The side-tapered inlet will be constructed upstream of the

existing barrel. Prepare outlet control, throat control, and face control performance for the new inlet.

Note: Chart 14, Chart 15, Chart 57,and Chart 58, are used in this solution.
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Conclusions:
A side-tapered inlet added to the existing barrel will pass the increased 50-year runoff at the EL 4 of 114 ft.

Dimensions:
B=7ft. D =T7it.
B =12 ft

TAPER =4H : 1V
L, =10ft

Face section has 90-degree wingwalls and sgquare edges.
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FigurelV-12--Tapered Inletsfor Pipe Culverts

G. Circular Pipe Culverts

1. Design Procedures

Design procedures and criteria are available for side-and slope-tapered inlets for circular pipe culverts. The
inlet designs are shown in Figure 1\V-12. For the side-tapered inlet, either prefabricated inlets with
nonrectangular cross sections or cast-in-place rectangular inlets are used. The rectangular inlets are joined to
the circular pipe using a square to circular throat transition section.

For slope-tapered inlets, the rectangular designs (vertical or mitered face) are the only option for which design
charts are available. The square to circular transition section is used to join the slope-tapered inlet to the circular

pipe.
Side-Tapered Inlets

The throat and face control design nomographs for side-tapered inlets on circular pipe culverts are in Appendix
D. For throat control, there are two scales on the nomograph: one for smooth inlets and one for rough inlets.

The difference in headwater requirement is due to the hydraulic resistance between the face and the throat of
theinlet.

The design nomograph for sizing the face of a side-tapered inlet with a nonrectangular face includes three
scales. Each scale isfor a different edge condition, including thin-edge projecting, square edge, and bevel
edged. The face areaislarger than the barrel area and may be any nonrectangular shape, including an oval, a
circle, acircular segment, or a pipe-arch. To design arectangular side-tapered inlet for a circular pipe culvert,
use the design nomographs in Appendix D for rectangular side-tapered inlets. Additiona head can be provided



on the throat control section of a side-tapered inlet by constructing a depression upstream of the face section.
The depression designs are the same as for box culverts.

Slope-Tapered Inlets

Rectangular inlets are adapted to pipe culverts as shown in Figure IV-13. The slope-tapered inlet is connected
to the pipe culvert by use of a square to circular transition. The design of the slope-tapered inlet is the same as
for box culverts. There are two throat sections, one square and one circular, but the circular throat section will
control the flow because the area is much smaller than the square throat section.

FigurelV-13--Slope-Tapered Inlet, Circular Pipe Culvert

2. Multiple Barrel Designs

Each barrel of the culvert must have an individual side-tapered inlet with a non-rectangular face design. For
rectangular side-tapered inlets with a square to round transition, double barrel designs are the same as for box
culverts. However, the center wall at the transition must be flared to provide adequate space between the pipes
for proper backfill and compaction. The amount of flare required will depend on the size of the pipes and the
construction techniques used. No more than two circular barrels may be feed from the throat section of a
rectangular side-tapered inlet.

Double barrel slope-tapered inlets may be designed in the same manner as for rectangular side-tapered designs.
Again, no more than two barrels may be feed from asingle inlet structure.




3. Dimensional Limitations

In addition to the dimensional limitations given previously for all tapered inlets, the following criteria apply to
the application of arectangular side- and slope-tapered inlets to circular pipe culverts.

. Thetransition from the square throat section to the circular throat section must be > D/2. If excessive
lengths are used, the frictional loss within the transition section of the culvert must be considered in the

design using Equation (12).

b. The square throat dimension must equal the diameter of the circular pipe culvert.

4. Example Problem

Example Problem #3

Given:
Q5O = 150 ft3/s
EL hd — 06 ft

Outlet Invert Elevation = 75 ft
Approximate Culvert Length = 350 ft
Sp = 0.05 ft/ft

Shoulder Elevation = 102 ft
The downstream channel approximates a 5-ft bottom width trapezoid
with 2H:1V side dopes. The Manning n = 0.03

Requirements:

Design a culvert for the above conditions. Use corrugated metal pipe
with standard

(2-2/3 by 1/2 in) corrugations. Investigate both a corrugated
side-tapered inlet and a

concrete slope-tapered inlet. Use normal depth in the natural channel
as the taillwater

depth.

NOTE: Hardcopy Chart 4, Chart 6, Chart 55, and Chart 56 are used
in this solution.

The following text links to figures of pre-filled automated forms
using this problem
Information:

Culvert design form with example data

Side-tapered Inlet design form



Slope-tapered Inlet design form
Performance Curves for a18" C.M.P. Pipe
Conclusions:

The selection of a side-tapered or a slope-tapered inlet would be
based on economics
since either design will pass the required Q at the EL 4 of 96 ft.

Dimensions:
Corrugated metal side-tapered inlet :

D =48in

Bf =6 ft

TAPER =4H:1V

Ll =4 ft

Face Edge Configuration: Beveled edges.
Min W = 10 ft

Smooth slope-tapered inlet, vertical face:
D=48in
Bf = 8ft
S=2H:1V
L, =8ft
L,=5.6ft
Ly=24ft

Face Edge Configuration: 45-degree to 90-degree wingwalls with
bevels on
the top and sides.
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